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Preface 
A quote from Horace (65-8 BC.) seems to sum up a research based Ph.D - 'And seek 
after truth in the groves of Acedeme." 
iv 
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Some Highlights of Modern Cluster Chemistry. 
Chapter 1 
1.00 Summary 
"The last thing one settles in writing a book," observes Pascal, "is what one 
should put in first." Due to the rather varied content of this thesis on cluster chemistry 
it was somewhat challenging to produce an introductory chapter that was relevant to 
all the material covered. Therefore I have chosen to bring together a collection of 
highlights of modern cluster chemistry. The selection is a personal one and in being so 
may appear rather eclectic when compared to some of the more rigorous works 
centred around an historical approach. The topics embraced by this chapter are, I think, 




1.10 An Introduction 
THE area of inorganic chemistry concerned with the construction of compounds 
containing metal-metal bonds may be said to be entering a second phase of 
development. The first phase was concerned with the synthesis and characterisation of 
novel cluster compounds. In the beginning, as with all new discoveries, there was a 
time of marvel and wonder. This was soon followed by asteady trickle of theories, 
constructed around the experimental evidence obtained. For the cluster chemist these 
are Wade's rules, the Polyhedral Skeletal Electron Pair Theory (PSEPT) and the 
extension to the Condensation Principle, Hoffman's Isolobility and the latterly,  
conceived Stone's Tensor Surface Harmonic Theory, all of which are dealt with in 
various standard texts. 1 
The second phase is essentially an utilisation of the synthetic and theoretical 
progress made in the first. With the properties of the cluster units determined the 
synthetic chemist may adopt a modular approach in the purposeful construction of 
novel materials and molecular arrays composed of individual functional units. This 
approach often requires the synthetic utility afforded by molecular cluster compounds 
(i.e. those that may be manipulated in solution or vapour phases) hence it will be this 
class of compounds that will be focused on in the following perspective. Although 
solid state clusters will be mentioned as they show particularly interesting physical 
properties such as magnetic behaviour and superconductivity. It cannot be said that all 
the properties of clusters and metal-metal bond containing compounds have been fully 
elucidated. However the bulk of knowledge available is sufficient for the designed 
synthesis of more elaborate cluster containing species. It is highly likely that during this 
continuing quest, more interesting facets of cluster chemistry will be revealed. 
1.20 Redox-chemistry of Some Cluster Compounds 
This is a rich and varied area of cluster chemistry of great potential for future 
development. The importance of redox active clusters in nature is well established of 
which iron-sulphur proteins have attracted the most attention during the past three 
decades. 2 These cluster containing proteins constitute a large and important group of 
biological materials which are probably present in and basic to all forms of life. In 
bacteria they are involved in a diverse range of reactions such as hydrogen uptake and 
evolution, ATP formation, pyruvate metabolism, nitrogen fixation, and photosynthetic 
transport. Some of these key reactions are vital for the function of higher organisms, as 
Chapter 1 
are nitrate, nitrite and sulphite reduction, xanthine and aldehyde oxidation and 
mitochondrial electron transport in which iron-sulphur proteins participate. 
The overall stoichiometiy of the nitrogen fixation reaction is given below. 3 
N2 +8W + 8e- + 16Mg-ATP - 2NH3 + H2 + 16Mg-ADP + 16P 1 
The mechanistic details of this reaction are difficult to obtain. Although significant in 
roads. to the problem have been made recently by the determination of the crystal 
structure of the nitrogenase molybdenum-iron-sulphur protein, the active site of N2 
reduction, from Azotobacter vinelandii at 2.7A resolution. 4 The central redox active 
cluster is shown in figure 1.1 and has the formula MoFe7S9. 
Mo 
Figure 1.1: The active site of the Mo-Fe-S dinitrogen reductase cofactor. 
The cluster is buried at least 10 A below the surface of the ct2132  tetrameric 
protein (mol. weight 230,000 amu.). Also within the protein are two Fe4S4 dimers, 
linked through S-S bonds, at a distance of 14 A from the Fe-Mo cluster and also 10 A 
below the surface of the protein. No complete covalent or hydrogen-bonded network 
exists between the two centres, suggesting that either some jumps must occur during 
electron transfer, or that structural fluctuations/alterations allow the formation of more 
favourable electron transfer pathways if the cluster centres are to act in unison during 
the reductase synthetic pathway. A further area of speculation is the entry/exit pathways 
for dinitrogen/ammonia as no obvious channels exist in the crystallographic ally 
determined model. The fact that the molybdenum atom in the Mo-Fe-S co-factor can be 
replaced by vanadium (or indeed in some cases requires no heterometal whatsoever) 
with only a small reduction of the overall catalytic efficiency is also a source of 
fascination to those interested in the mechanism of dinitrogen reduction. 
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Although the precise biological role of many of the iron-sulphur proteins has 
not been defined, it seems clear that each has at least two accessible adjacent redox 
states per active site and that they function primarily in electron transport sequences, 
rather that being a site for substrate binding and conversion (with the exception of the 
nitrogenases). Discussions have been presented, based on the biochemical functions, of 
the various types of Fe-S proteins, suggesting that the earliest electron transport 
systems to evolve involved Fe454 clusters at 8Fe or 4Fe ferrodoxins. Both of these 
types of centre have been structurally characterised in a protein environment. 
Detailed studies of these important biological systems, have been aided 
considerably by the comprehensive studies accomplished for their chemical analogues. 5 
These synthetic cubane clusters [Fe4(93-S)4(SR)4] - display redox behaviour, ESR 
spectra and structural parameters that may be used in modelling the biological systems. 
Fe-S cubanes encapsulated in a macrocyclic alkyl network that may be taken to mimic 
the protein cavity in vivo have been shown to have a more wide ranging redox 
behaviour than less sterically shielded cubanes. 6 Furthermore, the redox potentials are 
markedly influenced by the environment of the cluster thus showing the importance of 
the precise nature of the dielectric sheath in Fe-S proteins in tailoring the electron 
transfer properties for a specific biochemical reaction. 
Organometallic cubanes are some of the most redox active clusters as yet 
studied. Derived from CPM(CO)n compounds, by reaction with elemental sulphur or 
cyclohexene sulphide, are the clusters [M4(1 5-05H5)44L3-S)4] (M = Mo, Fe, Co). The 
Fe cubane undergoes four reversible electron transfer steps wherein the Fe4 tetrahedron 
is preserved (see figure 1.2). 7 
Fe 	S 	Fe' 
Fe 
_-- Fe42 	Fe43 - Fe44 Fe 	Fe4.- Fe
O.33V 	0.88V 	1.41V 
Figure 1.2: The structure and redox properties of the Fe 4S4Cp4 cubane cluster (vs. SCE). 7 
Trinuclear clusters also display interesting redox behaviour. The 48 electron 
cluster CO3(1 5-05Me5)3(L3-CO)(93-0)+ shows by cycicvoltammetry a reversible one 
5 
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electron reduction to the 49e - paramagnetic species. 8 Similarly the tri-benzene cation 
CO3(1 6-C6H6)3(93 -CO)2 shows a reversible one electron reduction to a 49e - species.9 
Whilst these electrochemically generated paramagnetic compounds were found to be 
un-produceable chemically, the radical 49e - trinickel Fischer-Palm cluster Ni3Cp3(CO)2 
is a very stable compound (vide infra). 10 
0 	 0 




cocp p CoBzç0 
0  
0 
CpNi iC P 
Figure 1.3: Tr-nuclear redox active carbonyl clusters of Co and Ni. 
The nickel clusters also present some very interesting redox behaviour. 11 The 
trinickelcyclopentadienyl clusters H2Ni3 (1,3_tB utCp) 3,  H3Ni4Cp4, HNi4( 1,3 - 
tB utCp) 3 , H3Ni4(1,3tB utCp) 3 , which have the electron counts 47, 63, 61 and 63 
respectively, are shown in figure 1.4. The standard electron counts for a nido-
tetrahedron and a closo -tetrahedron are 48 and 60, thus whilst the trinickel cluster 
conforms to the valence electron count the tetranickel clusters do not and are in fact all 
paramagnetic. HNi4(1,3tButCp)3 and H3Ni4(1,3tButCp)3 are formed as an 
inseparable mixture with a magnetic moment of 3.3 J.1B  (243 K) = 2 upe per cluster unit 
[i.e. really an averaged value of 3 upe and 1 upe per cluster in an equimolar ratio]. 
H2Ni3(1,3tButCp) 3  shows a reversible one electron reduction and oxidation to 
the 49 (c.f. Fischer-Palm cluster Ni3Cp3(CO)2) and 47e - species, respectively. The 
mono- and tri-hydrido species show an even greater range of reversible electron 
transfer. Both clusters show two reversible one electron reductions and two reversible 
one electron oxidations, thus giving species with electron counts varying from 59 to 
65e. H3Ni4Cp4 shows a similar redox activity in the cyclic voltammogram with a 
reversible one electron oxidation and two reversible one electron reductions. A further 
one electron reductive wave at -2.6 V (vs. SCE) to form a 66e- cluster was found to be 
irreversible. The different redox behaviour observed for clusters with electronically 
similar ligands but with large steric differences in this case may be compared to the 
electron transfer behaviour observed for the Fe4S4 cubanes. 
A larger nickel cyclopentadienyl electron 'rich' cluster is the octahedral (NiCp)6 
which also possesses an impressive redox chemistry. 12  Cyclic voltammograms of the 
90e (NiCp)6 in CH2C12 give four one electron couples at E112 values (vs. SCE) of 
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[Ni6] -0.97 V [Ni6] 0  -0.26 V [Ni6] +0.19 V [Ni6] 2  +1.00V [Ni6] 3t where Ni6 is 
an abbreviation for (NiCp)6. Chemical oxidation of (NiCP)6  with AgPF6 gives the 
(NiCp)6 cation of which magnetic susceptibility studies (vide infra) reveal the 
presence of 3 upe. 
Cp 
















(CpBut2t-3,1 )Ni  
Ni 
Cp 	 (1 3tB
ut2cp) 
Cp 
Figure 1.4: Redox active cyclopentadienyl nickel clusters of various nuclearity. 
The electrochemistry of tricobalt clusters has also been investigated. The 
alkylidyne cluster Co3(CO)9CMe has 48e and undergoes a reversible reduction to the 
radical 49e species. The synthetic utility of this cluster has allowed derivatisation to 
look at electro-communicative effects with proximal redox active centres. The 
compounds CO3(CO)9CFc (Fc = ferrocene) 13 and CO3(CO)9CONHC6H4CC03(CO)9 14 
are particularly interesting examples (figure 1.5). The tricobalt unit is more difficult to 
reduce in CO3(CO)9CFc than the parent compound CO3(CO)9CMe and the Fc unit is' 
more difficult to oxidise than ferrocene showing the donor effect of the Fc moiety. The 
amide linked clusters in CO3(CO)9CONHC6H4CC03(CO)9 show two distinct one 
electron reductions to give the diradical [CO3(CO)9CONHC6H4CC03 (CO)9] 2 . 





















Figure 1.5: The redox active tricobalt clusters CO3(CO)9CMe, CO3(CO)9CFc (Fc = ferrocene) and 
CO3(CO)9CONHC6H4CC03(CO)9 
A review by Drake 15  gives a thorough introduction to electrochemical studies 
on carbonyl clusters of the iron triad. Some highlights of this area will be mentioned 
here. The hexanuclear 0s6(CO)18 cluster (figure 1.6) is particularly notable since the 
electrochemically induced polytopal rearrangement to give the dianionic octahedral 
species is reversible. The E values were found to follow the predictions of slow 
charge transfer kinetics as the scan rate was increased. 
Figure 1.6: The structurally mediated redox behaviour of the hexanuclear 0s6(CO) 1 8 cluster. 
Chapter I 
The unsaturated 58e- clusters [0s4(CO)12(AuPR3)2] (PR3 = PEt3, PPh3, PMe3) 
undergo two reversible one electron reductions and two reversible one electron 
oxidations (vide infra). 16 Unfortunately the two radical species [Os4(CO)12(AuPR3)2] 
and [Os4(CO)12(AuPR3)2]• have not been looked at with ESR spectroscopy which 





0.92 V 	0.79 V 	1 -0.40 V 	-0.64 V 
M2 	M+ 	 MO - M - M 
Figure 1.7: The rich redox chemistry of the 10s4(C0)12(AuPR3)21 (vs. Ag/AgCl ref. electrode). 
The large anionic clusters [Ru10(C)2(CO)24} 2- (edge shared condensed octahedron), 
[Os 10C(CO)24] 2 and [H40s 10(CO)24] 2- (both tetracapped octahedra) all display a rich 
and complex redox chemistry. 15  Both of the dianionic decanuclear osmium clusters 
were found to undergo ready chemical or electrochemical oxidation to yield a radical 
anion [Os10X(CO)24] - (where X = H4 or C) via a reversible one-electron oxidation 
process. A further four oxidation states are accessible for these clusters however poor 
line shapes in the cyclic voltam.mograms and lack of coulombmetric evidence makes 
assignment of the various electron transfer processes difficult. 
A commonly observed phenomenon in the reduction of transition metal 
carbonyls is a 2e process with concomitant expulsion of CO. This is exemplified by 
the reduction of the hexaruthenium carbido cluster Ru6C(CO)17 to give the anionic 
[Ru6C(CO)16] 2 . Some very interesting results have been obtained by monitoring the 
reduction by IR spectroscopy. It has been shown that in the presence of small amounts 
Of 02 the reduction is accompanied by production of CO2. 16a Whilst the conversion of 
CO to CO2 is thermodynamically favourable it is interesting to note that an electrolyte 
containing Ru6C(CO)17 and saturated with CO and 02 may be a simple method of 
reducing dangerous CO levels from gas streams by iterative redox cycles. 
A systematic synthetic route to ruthenium carbonyl cluster anions has been 
designed around the precise stoichiometric reduction of Ru3(CO)12 with alkali 
metals. 17  A reaction scheme for the synthesis of a wide variety of clusters is shown in 
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scheme 1.1. Furthermore Ru3(CO)12 reacts with the anion [Ru3(CO)11 ]2  'to give tetra-
and hexa-nuclear clusters depending on the stoichiometry of the reaction. 
3/4[Ru4(C0) 12]4 ' + 3C0 
	
[Ru3 (CO) 11 ]2 + Co 
3(M+Ph2 
	
/2(M Ph 2CO) 
Ru3 (CO) 12 
3/2(M + 
	 Ph2CO) 
3/4[Ru4(CO) 13 ]2 + 9/4C0 
	
1/2[Ru6(CO) 18]2 ' + 3C0 
(M + Ph2CO) 
1/2[Ru6(CO) 16]6 + 1/2C0 '---- 	 1/2[Ru6(C0) 17 }' + 1/2C0 
(M + Ph2CO) 
Scheme 1.1: The redox condensation reactions available to Ru3(CO)12 on reduction with alkali metals. 
Similarly, reduction of Ni(CO)4 with NaJTHF gives yellow [Ni5(CO)12] 2 and 
red [Ni6(CO)12] 2 . 18 Also, reaction of [Pt6(CO)12] 2- , synthesised from the two 
electron reduction of Pt6(CO)12, with a further quantity of Pt6(CO)12 gives the 
columnar stacked clusters [Pt3(CO)6J 2 (n = 1, 2, 3, 4 and 5) although there is no 
emission of CO in this latter case. 19 
Self assembled mono-layers (SAMS) of trinickel clusters have been investigated 
in mediating interfacial electron transfer between gold electrodes and electron acceptor 
molecules in solution. .20  SAMS of these clusters (vide infra) exhibit rectification 
behaviour: allowing interfacial electron transfer to electron acceptors, A, at potentials 
negative of E° (Ni3 0), but blocking electron transfer to the acceptors at potentials 
negative of E° (A 0"), but positive of E° (Ni3"0). Anodic behaviour is normal. Cyclic 
voltanimograms at the modified gold electrode shows a non-diffusive linear dependence 


















Figure 1.8: Trinuclear nickel clusters covalently attached to an Au surface by 4-isocyanophenyithiolate 
linkages. 
For an example of redox active it-donor clusters we may turn to hexanuclear 
molybdenum and tungsten halide clusters of general formula [M6X14] 2 .21 The cluster 
ions [M06Cl14] 2 , [M06Br14] 2 and [W6C114] 2- undergo simple one-electron oxidation 
in aprotic solvents at 1.29 V, 1.07 V and 0.83 V (vs. Ag/AgC1) respectively. The 
radical mono-anions thus formed have been examined by ESR spectroscopy which 
shows an axial spectrum (gpe  2.10,  gpara = 2.00), the symmetry of which suggests 
that [M06014] is axially distorted in some way. The phosphoreScence lifetimes 
obtained from emission decay kinetics of [M6X14] 2 compounds are amongst the 
longest known for transition metal complexes and have been attributed to the 
occurrence of a long-lived phosphorescent exited state [M6X14]2*.  With electron 
acceptors such as methylviologen, the luminescence of [M6X 141 2 is quenched. 
Therefore the behaviour is analogous to that reported for [Ru(bipy)3] 2 and 
[Eu(Crown)2] 2 which have been investigated in great detail as part of light harvesting 
photochemical molecular devices. 22 
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1.30 C-H Bond Activation by Clusters 
The activation of C-H bonds is an area of fundamental importance in organometallic 
chemistry, 23  and both mono-metal and cluster species have been widely investigated in 
this regard. Therefore only a few highlights will be presented here. C-H activation 
studies have been predominant in the platinum group metal clusters, in particular the 
carbonyl clusters. 
A unique property of multinuclear compounds is that it is possible for the 
organic hydrocarbon moiety to bond at one metal centre and undergo activation at a 
second adjacent metal. 24  Also unsaturated organic systems may adopt multicentre 
bonding modes that radically affect their chemistry, not only in comparison to the free 
organic molecule but also to that of the same organic moiety attached to a single metal 
atom. The driving forces available to such reactions are the making of M-C or M-H 
bonds, rearrangement of the organic moiety to a more stable conformation or a 
combination of the above in providing electrons for an unsaturated' cluster species. 
This latter situation is often brought about by the elimination of a cluster ligand (e.g. 
CO) either thermally or chemically. 
An example of a simple ligand substitution reaction [CO/CH2CH2] leading to 
C-H activation is the thermally induced reaction of 0s3(CO)12 with ethylene shown in 
figure 1.9.27  Thermolytic emission of CO from the complex 0s3(CO)1 1(CH2CH2) 
gives the C-H activated HOs3(CO)10(p:G:1 2-(CH2CH)). This compound may be 
reached by a second route involving reaction of the 'unsaturated' 46e cluster 
H20s3(CO)10 with two molecules of ethylene. - 
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0s3 (CO) 1 1 C2H4 
0s3 (CO) 12 	-Co 







H0s3 (CO) 10 JL:cYm 2-C2H3 
Figure 1.9: C-H activation by Os3 clusters in reaction with ethylene. 
Some reactions are however much more complex, for instance, the reaction of the 
hexanuclear 0s6(CO)18  with ethylene at 165°C gives a green complex 
Os6(CO)l 8C4H6, but this deceptively simple formulation disguises the fact that several 
reaction steps (including oxidative addition) must have led to it since it contains two 
CH3C ligands bridging (93 and .L4) tn- and tetra-metal faces (figure 1.20). 28 
- - - eq.- 
Me 
Figure 1.20: The metal geometry and hydrocarbon ligand coordination in 0s6(CO) 1 8 (.t3-CMe) (g4- 
CMe). 
Accumulating results on the oxidative addition reactions of 0s3(CO)12 show a 



















HO 	 H 
PhCH2OH = 
Figure 1.21: Examples of metallations available to the triosmium carbonyl cluster. 
Mechanistic information is almost always difficult to gather for these reactions. 
However the comparatively simple triosmium system H2 0s3(CO)10(92-CH2) produced 
from the addition of CH2N2 to H20s3(CO)lO, undergoes a tautomeric equilibrium 
which may be regarded as an oxidative addition / reductive elimination equilibrium. 32 
H20s3(CO) 1O(L2-CH2) 	4—* 	H0s3(CO) lO(L2-CH3) 
Separate NMR signals were observed for these isomers but spin saturation transfer 
experiments show their ready interconversion. Deuterium labelling experiments have 
shown that there is an equilibrium between hydrogen atoms bound to carbon and those 
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bound to the metals and analysis of the chemical shifts has shown that there are methyl 
bridges of the C-H "Os type. 
The c-H activation properties of clusters has been used to great effect in the 
synthesis of arene clusters, by both chemical and thermal activation routes. 33 Reaction 
of Ru6C(CO)17 with two equivalents of trimethylamine-N-oxide in the presence of a 
dihydroarene [e.g. C6H81 yields the CO substitution product Ru6C(CO)15(C6H8). 
Addition of a further equivalent of trimethylainine-N-oxide induces removal of a further 
CO ligand and the dehydrogenation of the cyclic hydrocarbon to give the arene cluster 
Ru6C(C0) 14(r1 6- C6H6). Similarly, thermolysis of Ru6C(CO) 17  with [p-
C6H6(COOMe)2] dimethyl- 1, 3-cyclohexadiene-  1 ,4-dicarboxylate in dibutylether gives 
the two isomeric cluster compounds Ru6C(CO)14(1 6- {p -C6H4(COOMe)2}) and 
Ru6C(CO)14(93-11 2 : 11 2 : 11 2-   {p-C6H4(COOMe)2 }). The solid state molecular structures 
of the octahedral clusters have been established by low-temperature single crystal X-ray 
diffraction analysis. These constitute the only example of coordination isomerism for 
the Ru6C(CO)14 unit with respect to a single arene and are discussed in Chapter 5. 
A example of C-H activation by Ru-Ru bond fission has recently been 
published. 34  Heating the isopropylbenzene cluster, Ru3(CO)8(C9H10) in heptane under 
reflux affords several products including the metallacyclic cluster, Ru3(CO)8(C9H8) in 
which the fission of an Ru-Ru bond has induced the cleavage of two C-H bonds with 
the concomitant formation of two Ru-C bonds (figure 1.22). 
A 
Figure 1.22: The formation of the metallacyclic cluster Ru3(CO)8(C 9H8 ). 
1.40 Some Magnetic Properties of Cluster Compounds 
The magnetic properties of isolated atoms and simple molecules is well understood, but 
the development of magnetic order on a macroscopic scale in a crystal is a more 
formidable problem. 35  Long-range magnetic order is not simply a superposition of the 
effects of individual atoms; it is a collective effect of atoms or molecules communicating 
through the Coulomb interaction and the Pauli exclusion principle. These extended 
interactions in the bulk may lead to an alignment (ferromagnetism), an alternation 
(antiferromagnetism), or more complicated arrangements of the magnetic moments. The 
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magnetic properties of cluster compounds are of great interest to the solid state chemist -
since they lay on the boundary between discrete mono metal paramagnets [e.g. 
{Co(NH3)5C1)+ Peff;2: 1.73 BM] and bulk ferromagnetic metals [e.g. Ni. has an 
average magnetisation of 0.6 BM per atom, PB/atom]. 36 Paramagnetism has been 
observed in many cluster types, including Group I clusters, molecular beam clusters, 
Chevrel-Sergent compounds, Zintl phases, it-donor transition metal clusters and to a 
lesser degree carbonyl clusters. 
An interesting example of Group I clusters is that of the Li4Me4 cubane type 
system. Treatment with a tbutoxide radical abstracts an hydrogen atom to give the 
radical [Li4Me3CH21. 37 The identity of the radical species was given by the ESR 
spectrum which consists of a triplet (2 1 11, I = 1/2) of decets (3 7Li, I = 3/2) and clearly 
shows retention of cluster geometry. Furthermore, evidence of hyperfine coupling in 
solution also provides hints as to the degree of covalency of the Li-C bond. Similarly 
sodium clusters trapped in the cavities of zeolite structures have been studied by 
ESR. 38 Na.43  has been characterised as the paramagnetic component of the purple 
solid formed by reduction of NaX zeolite with LiButn by a 13-line hs pattern [ 23Na, I = 
3/2; 100% abundance]. 
In the Chevrel-Sergent compounds, [M6S8}M' (M' = Pb2 , Cu2 , Ni2  ...), 
are based on metal octahedra surrounded by a sulphur based ligand sphere which in 
turn are linked through metal sulphur bonds to the countercation. 39 The clusters do not 
have closed shell configuration and hence show magnetic behaviour. Bulk 
magnetisation is mediated through weak intercluster bonding via the countercations. 
These chalcogenides, first considered by Matthias et al.,40 are the first superconducting 
ternary system having a high critical temperature, reaching 15 K for the PbM06S8 
compound. The upper critical field Hc2 of the Pb/Mo/S compound (Hc2 = 60T) is, so 
far, one of the highest values observed in any class of superconductors. Of great 
interest is the interplay between superconductivity and magnetism at low temperatures 
in the rare earth molybdenum chalcogenides: the coexistence of superconductivity and 
antiferromagnetism or the competition between superconductivity and ferromagnetism. 
Another property is the high reversible mobility of the counterions allowing one to 
carry out reversible topotactic redox reactions. This property is used to make new 
metastable binary or ternary molybdenum chalcogenides. The originality of this family 
resides in the fact that they are ternary cluster based superconductors, providing the 
beginning for intense activity in the field of new cluster based materials. 
Part of the marked increase in both the interest and research activity in solid 
state chemistry has been the development of Zintl-phase concepts and the alkali-metal 
compounds that contain anionic 'naked' clusters or cluster networks of the triel 
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elements Ga, In and Ti. Previously homoatomic examples for the post-transition 
elements concerned electron-richer examples that follow classical skeletal electron 
counting for deltahedra, M4 4- in many solid AM compounds (Zintl-phases) where A 
Na to Cs, M (triel element) = Si to Pb, or what have been called Zintl ions isolated from 
molecular solvents with large crypt-alkali-metal cations such as, Sb7 3 , Bi42- , Pb52- , 
Sn94- . The electron-poorer triel analogues exhibit several new ways to achieve 
surprisingly stable closed shell clusters. However there are some interesting 
exceptions, for instance the tridecanuclear cluster T113 10 found in Na4Rb6T113 is an 
unusual example of a paramagnet in a highly anionic framework. 41 
Stoichiometric condensation of alkali metals with the triel elements (E) Ge to Pb 
gives the novel Zintl-clusters A2E9, A3E9 and A4E9, based on a capped square 
antiprism. The A3E9 compounds are paramagnetic and show a weak antiferromagnetic 
interaction between the radical anions. ESR evidence has not been obtained for these 
compounds however it would be of interest in the A3Sn9 case since hyperfine coupling 
may be observed to the spin active tin atoms. An extension of this work, producing a 
'iD' conductor, is the compound BaSn3 which is composed of infinite, stacks of Sn3 
units.42 
Magnetic and electronic properties of these cluster phases offer some insight 
into what determines the various properties and indeed, what should be called Zinti-
phases. A good number of indium and thallium cluster phases are diamagnetic, 
although they may still show metal-like resistivities ( ~200 j.tOhmcm-1 ). Even more 
important are those that show Pauli-like (conduction electron) paramagnetism as well, 
i.e. metallic Zinti-phases. The compound La31n5 is a good example because the well 
defined square pyramids strongly implicate an electron-precise nido-Ii 9 therein. With 
relatively few cations, the separations between In 9 anions is not very large as 
compared to the average In-In distances within the clusters (11% larger), and some 
delocalisation (banding) must occur, aided by the high field La 3 . 
A great deal of work on small magnetic particles and molecules exists. 43 In this 
section are described a select set of recent developments aimed at construction and 
measurement of such systems in a variety of environments. The ideal experiment for 
the study of clusters would control their size with atomic precision and probe the 
properties of an isolated individual cluster instead of averaging over an ensemble. A 
close realisation of this ideal is the work on clusters formed in molecular beams, which 
are also advantageous because there is no interaction between clusters or with a 
surrounding medium.44  The experiments on free clusters are derived from those carried 
out on single paramagnetic atoms by Stern and Gerlach some 70 years ago. The 
clusters are produced by a pulsed laser technique wherein gaseous metal atoms are 
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rapidly quenched by a high-pressure helium gas jet. The nascent clusters and carrier gas 
then expand into a relatively low pressure collimator chamber to form a supersonic 
beam. The beam is them directed to a gradient magnet, which deflects the clusters 
according to the projection of their magnetic moment on the gradient field direction. 
finally the beam intensity of each cluster size is profiled by a time-of-flight mass 
spectrometer. 
An homogenous deflection by the gradient magnet in only one direction is 
observed and implies that the magnetic moment is dynamically decoupled from the 
lattice, with anisotropy barriers which are small as compared with thermal energies. 
The atomic magnetic moments are locked together by exchange interactions; hence, the 
moments rotate in unison with respect to the lattice. The cluster behaves like a 
paramagnet but with a much larger net moment than that of a single paramagnetic atom, 
that is, a "superparamagnet." Superparamagnetism is a well-known and theorised 
phenomenon in small metal particles and was proposed for clusters to explain the 
observation of lower magnetisation value per atom than that of the bulk for 3d-series 
transition metals. 45 When the magnetisation is understood as the time averaged 
projection of a superparamagnetic moment, the magnitude of the moment is found to be 
larger than that of the bulk for 3d transition metals. As in agreement with the theory of 
superparamagnetism, the average deflection is proportional to the magnetic field 
strength and the square of the moment and is inversely proportional to the temperature. 
In the superparamagnetic regime, the magnitude of the average magnetic moment per 
atom can also be studied as a function of the cluster size. As the size of clusters of 
transition metal atoms such as Fe, Co, Ni increases, the moment per atom should 
decrease as the character of the moments changes from atomic (Hiesenberg) to itinerant. 
Experiments have shown that the moment does increase and eventually reaches the bulk 
limit for clusters around 500 atoms. 4445 The decrease is not entirely monatonic and 
appears to be oscillatory, suggesting a finite size effect. Experiments suggest that Co 
and Ni clusters may form as icosahedra and it may be argued that clusters with these 
numbers of atoms [13, 55, 147, 309, 561] should have reduced magnetic moments as 
compared to 'open shell' clusters. Rhodium, which is not magnetic in the bulk form, 
has been observed to form small magnetic clusters; however, ruthenium and palladium 
do not. 
An interesting example of magnetic properties of it-donor cluster lies with the 
hexanuclear niobium iodide clusters HCsNb6I11 and Nb6111. 47 The it-donor clusters of 
type M6X8 and M6X12 frequently occur with transition metals of groups 4 to 7. In spite 
of having only (6 x 5 -11 =) 19 d electrons for Nb-Nb bonds the compound Nb6111 
chooses to form the octahedral Nb618 cluster at the expense of electron deficiency and 
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lattice instability, and these two consequences are manifest in the compound properties; 
namely (i) chemistry: topological reaction with amines and (ii) physics: spin-crossover 
transition. The latter property is of interest to this section. 
Nb6111 undergoes a phase transition at 274 K. The relation between high- and 
low- temperature forms fulfils Landau's criteria (Pccn => P21cn) for a second order 
transition. The transition occurs due to a lattice instability clearly involving the inter-
connecting I bridges as well as due to the electron deficiency of the cluster. The 
structural feature of the transition is a twist deformation of the M6 unit relative to one of 
its quasitrigonal axes accompanied by a loss of the inversion centre. This deformation 
is assisted by the very anisotropic vibrations of the interconnecting I atoms. A feature 
of the transition is the close approach of HOMOs and LUMOs with increasing 
temperature leading to a decoupling of an electron pair and a change from doublet to 
quartet ground state - the first "spin-crossover" observed for a cluster compound. 
It is interesting to compare the behaviour of Nb6111 with CsNb6I1 1H which is 
also paramagnetic and allows the characteristic twist of the Nb618 cluster without the 
necessity of symmetry breaking. Magnetic susceptibility measurements and TGA show 
CsNb6I11H undergoes essentially the same spin crossover as Nb6111, but the Cs 
compound is trigonal, the twist deformation of the cluster compound occurs 
continuously within the P6322 space group and consequently a smooth change of 
magnetic moment is observed as a function of temperature. 
In 1958 Fischer and Palm reported the synthesis and characterisation of by 
infrared spectral and magnetic measurements of a new type of molecular trimetal cluster 
of formula Ni3(11 5-05H5)3(93-00)2.48 This 49e - electron cluster may be regarded as 
the first paramagnetic cluster species. Examples of stable paramagnetic carbonyl 
clusters lay almost exclusively with the elements Co and Ni, although paramagnetic 
species have been characterised in electrochemical investigations of several carbonyl 
clusters of Ru and Os (vide supra). The alkylidyne tricobalt clusters [CO3(C0)9CR} 
readily undergo a one-electron reduction to give the radical [CO3(C0)9CR]• which has 
been studied by ESR spectroscopy to great effect. Spectra obtained from these radicals 
give 21 lines corresponding to equal hyperfine coupling with 59Co, I =7/2, 100 % 
n.a.49  The LUMO of [CO3(C0)9CR] has thus been characterised as an orbital of A2 
symmetry which is localised on the cobalt atoms and results from a linear combination 
of cobalt dxz  orbitals. ESR spectra have also been obtained on single crystal for the 49e 
cluster [CO3(CO)9S]• diluted in the diamagnetic host [FeCo2(C0)9CR] by Dahl et al.50 
The results of which are consistent with the MO description outlined above. 
The tetranuclear nickel clusters [HNi4(tButCp)4] (6le) and [H3Ni4(tButCp)4] 
(63e-) are both paramagnetic with magnetic moments indicating the existence of one and 
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three unpaired electrons in the compounds respectively. 11 The related triangular 47e 
cluster [H2Ni3(Cp)3] also shows a magnetic moment consistent with a single unpaired 
electron. 11  The larger hexanuclear 90 and 89e clusters [Ni6(Cp)6] and [Ni6(Cp)6] 
contain remarkably large amount of unpaired electrons. [Ni6(Cp)6] has presumably 
four upe- and the air stable [Ni6(Cp)6] has three upe -  (peff = 3.94-3.97 PB  from 100 to 
300K) as confirmed by the Faraday method. 12  These 'spherical' paramagnets are of 
particular interest to the materials chemist since perhaps in combination with acceptors 
such as TCNQ and TCNE the individual moments could be aligned to give 
ferromagnetic behaviour. 
The study of the physical properties of polynuclear transition metal complexes 
is of continued interest in the hope that it may shed light on the transition from non-
metallic to bulk metallic behaviour as the size increases. In the last few years, 
measurements of macroscopic properties like magnetisation, susceptibility, electrical 
conductivity and photoelectron spectroscopy, have been performed on several 
molecular clusters in combination with microscopic measurements like ESR, NMR and 
Mössbauer effect. The giant platinum centred octahedral carbonyl cluster 
[Ni38Pt6(CO)48] 6-  is just such one of these compounds. 51 The magnetic susceptibility 
of a single crystal of [Ni38Pt6(CO)48H]( 6- )- indicates the moment to be temperature 
dependent and allows the system to be described as a diluted Hiesenberg ferromagnet 
where one out of five clusters carries a spin of 1 9B,  while the other clusters are 
diamagnetic. This behaviour is quite peculiar and can be understood in terms of 
disorder in the structure (the presence of paramagnetic impurities in the sample has been 
clearly ruled out). The surprising result that only one out of five clusters exhibits a 
small magnetic moment may be understood by assuming that one Ni atom exchanges its 
position with a core Pt atom. In support of this spin-polarised calculations of an isomer 
of [Ni38Pt6(CO)48] 6- where the six internal Pt atoms have been exchanged with six 
surface (corner) Ni atoms show a magnetic moment corresponding to approximately 3 
unpaired electrons. Unfortunately, synthesis seems to be the limiting factor in this giant 
cluster regime. The theorists have calculated magnetic moments for a variety of 
interesting hypothetical clusters of this size and larger, however it remains to be seen 
whether these predictions can be confirmed by experimental evidence from well 
characterised discrete clusters. 
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1.50 Clusters and materials 52 
All the properties outlined above (and others such as photochemistry) are of interest to 
the materials chemist. However the observed behaviour, with the exception of the 
solid-state it-donor clusters of the early transition metals and Chevrel/Zintl phases, is 
that of discrete molecules. The electronic properties of the bulk compounds, due to 
limited interactions between the molecular units, are often simple wide band semi-
conductors or insulators. Whilst the magnetic properties are simply a summation of the 
individual molecular magnetic moments or sometimes with a small degree of 
antiferromagnetic coupling. 
Intermolecular interactions may be enhanced by a modular approach; i.e. using 
the properties of the clusters in conjunction with complimentary systems. A beautiful 
example of this methodology is the synthesis of "Designer Magnets" by Miller and 
Epstein. 53 They took metallocenes with well characterised oxidative electrochemistry 
and morphology and simple acceptor molecules (e.g. TCNE) with well developed 
reductive electrochemistry and created donor-acceptor compounds that showed highly 
interesting bulk magnetic properties. Furthermore these could then be easily tailored by 
then changing the nature of the donor or acceptor. This approach is likely to be very 
useful in the design and synthesis of molecular cluster his  materials especially of 
the late transition metals. 
An exciting example of cluster oligomers is given by the Chini type group ten 
carbonyls of Ni and pt. 18,19  These columnar compounds composed of up to ten planar 
[M3(CO)6} fragments may be considered as prototypical insulated unidirectional 
conductors. 54  In this case enhanced metal-metal interactions between the layers are 
produced by direct orbital overlap; thus infinite chains would approach a band type 
electronic structure akin to those observed in the condensed [M03X3] phases. 55 
1.51 Infinite products. 56 
The chemistry of the variant of cluster condensation wherein faces of the M6 
octahedron are shared has revealed some impressive results. Figure 1.23 shows the 
discrete chalcogenide cluster M06X8 and the final product of the condensation of such 
clusters via trans-faces of the octahedron T1M03Se3. In the last few years, numerous. 
compounds have been synthesised and structurally characterised which contain the 
intermediate oligomeric clusters of stepwise increasing sizes, of the general formula 
A xM03n+3X3 n+5 where A is a monovalent metal. These compounds bear great 
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similarity to the ChevreI-Sergent compounds, however, in this case the extended metal-
metal bonding gives rise to different solid state properties. 
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Figure 1.23: Monomeric, oligomenc and polymeric clusters M033X3 + 5 (MO  small circles) 
containing Mo6 octahedra condensed via faces. 56 
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Band structure calculations for the quasi infinite chain in 4(M03X3)][e.g. 
T1M03Se31 yield a band with very strong dispersion for the six equivalent bonds 
between the M03X3 fragments along the chain direction. 57 With an electron count of 13 
(per M03X3 unit) this band is half filled, i.e. the compounds AM03X3 are metals with 
distinctly one-dimensional character, and the Peierls effect (periodic lattice distortion) 
expected for such a system is apparent for the alkali metals. They show a gradual 
transition to semiconducting behaviour with decreasing temperature, while the 
electronic coupling between the cluster chains through the TI ions in T1M03Se3 is 
apparently strong enough to suppress the semi-conductor transition (Pierels distortion); 
the compound stays metallic at low temperatures and becomes superconducting at T <6 
K. 
Chemically the one-dimensional character of these phases expresses itself in a 
fascinating reaction: LiM03Se3 forms colloidal suspensions in polar solvents such as 
DMSO. Electron microscopy has revealed that the M03Se3 chains persist under such 
conditions. Furthermore indium can be extracted from InMo3Se3 as mCi by reaction 
with HC1 and the residual M03Se3 electrochemically intercalated by up to 4.5 Li. It has 
thus been suggested that M03Se3 is a promising candidate for a solid state battery. 
The novel condensed chain phases found for a variety of reduced rare earth 
metal halides are further beautiful examples of infinite dimetallic networks. These may 
be regarded as either hugely extended clusters or condensates of penta- and tetra-metal 
halide fragments. Two recent examples are the monoclinic side chain R415Z, and 
double chain R313Z which, with Z examples such as Mn, Co, Ru and Os to Au, 
constitute distinctive one-dimensional 'heterometal nanowires'. Figure 1.24 shows a 
portion of one chain for Pr4I5Ru. 41 The condensed octahedral subunits form an 
elongated chain surrounded by bridging iodine atoms. The fifth iodine (not shown) 
occupies a position between the chains spanning them in a square planar J.14 mode 
coordinated to four opposing rare earth metals. As with other isolated 18e and 
condensed chain phases of the rare earth elements Pr4I5Ru shows neither magnetic 
effects from the interstitial atom nor significant coupling between the 4 2 cores of the Pr 
framework. The lanthanum analogue exhibits a small temperature-independent 
paramagnetism consistent with the Pauli paramagnetism of conduction electrons, in 
accordance with the metallic behaviour predicted by one-dimensional extended-Huckel 
band calculations. The broad conduction band contains only metal based states, with 
Ru making significant contributions mostly near and below the Ep (Fermi Energy). In 
contrast, the band distributions of in the isostructural Y415C where the Pr-C valence 
band falls 3-4 eV below the EF. 
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Figure 1.24. A side view of the condensed chain in Pr4I5Ru. 
Finally, and perhaps even more unprecedented, in this rapidly developing field 
is the recently revealed semiconductor R4Br4Os (R= Y or Er), composed of confacial, 
Os centred square -antiprismatic clusters. 58 
Carbonyl clusters essentially constitute a small metal particle enclosed in a 
sheath of dielectric material (an often closely packed mono-layer of CO). Such a picture 
provides a useful framework for the discussion of characteristics of their electronic 
structure. The neutral 'parent' transition metal cluster carbonyls (for instance 
Ru6C(CO)17, 0s3(CO)12, Co4(CO)12 ... usw.) form highly ordered crystalline solids 
composed of discrete molecular units. The electron gas model of bulk metals, derived 
from band theory, therefore cannot be applied to the bulk sample. Electrically, both 
crystals and powder samples of 0s6(CO)18 behave as excellent insulators with 
resistivities >>1012  cm 1 . 59  The same compound has also been shown to be a wide 
band gap semi-conductor in the solid state. This is consistent with the weak 
intermolecular interactions in the solid state and so the energy bands of the crystal 
should be closely related to the energy levels of a single cluster molecule. Thus the 
EHOMO-ELUMO for carbonyl clusters of this type is in the order of ~t 1 eV. The large 
spin-orbit coupling effects of the heavy (5d) transition metals markedly reduces the 
density of states at the Fermi energy fl(Ef), whilst this effect is likely to be relatively 
unimportant in the 3d and 4d metal clusters. A plausible estimate for the density of 
states for a metal cluster carbonyl can be obtained by simply superposing the density of 








Figure 1.25 : A representation of the density of states for a transition metal cluster carbonyl. 59 
An example of carbonyl cluster self-assembly that shows promise is the bis-arene 
derivatives of the Ru6C(CO)17 cluster. 60 The crystal structures of this novel range of 
compounds shows that the molecules stack in such a way as to maximise the arene-
arene and carbonyl-carbonyl interactions (figure 1.26). Unfortunately no physical 
measurements have been carried out on these compounds to ascertain whether this type 




a 	 b 
Figure 1.26 : Molecular organisation in crystalline Ru6C(CO)1 	 (a) and 
trans-Ri5C(CO) 1  1(r 6-C6H6)2 (b) showing one-dimensional snakes and piles. The separation between 
the carbon rings is 3.29 and 3.56 A for the 1 6/r1 6  and 1 6/43 interactions respectively, which is 
comparable to the inter layer distance in graphite. 
Redox active clusters have been used in the formation of charge-transfer 
complexes. An early example was reported by Eisenberg et al. who prepared the TCNQ 
salt of the trinuclear niobium cluster [Nb3(9-C1)6(1 6-C6Me6)3]+. This material was 
found to be paramagnetic and to display a relatively modest conductivity ((Yrt 
0.00 lScm 1 , c.f. semiconductors). 61 a Also the pentanuclear trigonal bipyramidal 
vanadium cluster (VCp')5(p.3-S)6 was shown to undergo CT complex formation with 
TCNQ affording [(VCp')5(3 -s)6] +.[TCNQ]2-. .61 b This material was structurally 
characterised, as an n-type semiconductor with a band gap of 0.25 eV. 
Cluster-cluster interactions may also be enhanced by heterometal linkage. 62 The 
synthesis of these usually involves ionic redox coupling (donor-acceptor) of an anionic 





([Ru 6C(CO) 16] 2T1} 3 
([Rh6C(CO)15]2Ag) 3 
Figure 1.27 : Examples of heterometal linked cluster compounds. 62 
The majority of these compounds have been characterised as dimers and low oligomers 
crystallographically. Synthetic methods must therefore be changed in order to produce 
macromolecular systems with multi-cluster connectivity. Such materials often require 
further solid-state characterisation methods. Electronic links between single transition 
metals may also be formed by conducting hydrocarbons. 61 Indeed various polymeric 
compounds incorporating transition metals have been synthesised; some with useful 
characteristics such as non-linear optical properties, photo-conductivity and 
semiconductivity. 63  Therefore since the area of clusters bound to unsaturated 
hydrocarbons is fairly well developed 64 (vide infra) it seemed worthwhile exploring the 
possibility of electronically linking them in this way. 
Crystalline binary cluster carbonyl compounds are insulating brittle solids 
where the electronically interesting metal particulate core is trapped in an insulating 
sheath of CO. To realise the material potential of these discrete cluster units, they must 
be tailored in such a way that promotes the macromolecular characteristics required. 
This physical picture gives the synthetic chemist an excellent starting point for the 
engineering of cluster containing materials with potentially useful properties. Chapter 2 
explores the possibility of producing polymeric precursor units in which redox-active 
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Synthesis and Characterisation of Precursors to 





This chapter develops the theme of 86e - Ru6C(CO)14-arene clusters to those of more 
complex arenes, some with a choice of coordination site(s), with a view to their potential to 
be incorporated into 'organo-metal cluster networks'. A large range of aromatic compounds 
have been examined, with respect to their interaction with to the Ru6C cluster. 
Ru6C derivatives of biphenyl, diphenylmethane, bibenzyl and 1 ,3-diphenylpropane 
have been synthesised. The structures of the for,ner three compounds have been determined 
by single crystal X-ray diffraction studies. The 1H NMR spectra of these compounds have 
been compared revealing a trend in the inter-ring communication across the range of 
derivatives. 
A further set of Ru6C arene compounds have been successfully synthesised using 
4-methyl and 4-ethyl biphenyl. The solid state molecular and sup ramolecular structures are 
examined and analysis of the intermolecular contacts reveal various interactions that dictate 
the solid-state ordering of these compounds. Two additional compounds, synthesised to 
emphasise the steric control of R-groups in the cluster build-up reaction, are Ru6 derivatives 
of the oli-aromatics terphenyl and 1,3,5-triphenylbenzene. 
Three further products have been successfully isolated and characterised from the 
rhermolysis of Ru3(CO)12 with 1,1-diphenylethene in octane. These include both an 
hydrogenated 1,1-diphenylerhene Ru6C derivative and a Ru,jC derivative wherein the 1,1-
diphenylethene ligand remains unsaturated at the olefinic bond. The third, and minor, 
product is one of the few examples of a Ru7C 'spiked' octahedron. The solid-state 





This area of arene-cluster chemistry was initiated some thirty or so years ago,' and during 
this time interest has increased for a variety of reasons. Fuelled by Earl Muetterties' idea that 
arene-cluster compounds could serve as effective models for metal surfaces, which play 
such an important role in heterogeneous catalytic processes, 2 it soon picked up speed giving 
a whole new class of organometallic compounds. Contemporary interest surrounding 
advanced materials has given new impetus to this area of study. Today, despite an 
enormous amount of endeavour, the debate concerning the electronic interactions that dictate 
the properties, architecture and reactivity of this remarkable class of compounds is far from 
over. The mechanisms by which the clusters themselves are formed are also unclear. Indeed 
it is this undoubted uniqueness in their electronic characteristics, chemistry and architecture 
that gives impetus to research into their incorporation into interesting and potentially useful 
advanced materials. 
2.21 Cluster build-up and carbide formation 
Two investigations into the molecular mechanics of thermolytic cluster formation have been 
carried out, using Ru3(CO)12 with an appropriate arene forming compounds of the type 
Ru6C(CO)14(arene). The earliest study used mesitylene as the arene, in which the reaction 
of Ru3(CO)12 was performed in refluxing heptane (10% mesitylene, v/v). 3 Two new 
compounds Ru6(94- 2-CO)2(CO)1 3(ji 6-C6H3Me3) and HRu6(.t4-7I 2-00)(CO)13(.I2 -(N:11 6-
C6H3Me2CH2) were isolated along with the anticipated Ru6C(CO),4(fl 6-C6H3Me3). 
Thermolysis of the former cluster in mesitylene gave both HRu(t4-7 2-CO)2(CO)13(jt2-
Y:1j 6-C6H3Me2CH2) and Ru6C(CO)14(116-C6H3Me3),  thus suggesting that it is an 
intermediate in the formation of the hexanuclear closo cluster (figure 2.1). Furthermore 13C 
labelling experiments have shown that the carbide, in this case, originates from a CO ligand. 
Indeed there are many such examples in the literature all showing carbides derived from 
CO.7 One exceptional case indicates the carbide is derived from an isonitrile ligand, also by 
13 C labelling [i.e. Ru6(CO)15(CNBut)(93:2CNBut) on pyrolysis gives 









HRu6(94-1 2-00)(C0)13(92-cy:r 6-C6H3Me2CH2) II. 
Ru6(94-i 2-00) 2(CO) 13( 6-C6H3Me3) 
	
Ru6C(C0)14(1 6-C6H3Me3) 
Figure 2.1 : The formation of the mesitylene hexaruthenium carbonyl cluster Ru6C(CO)14(T 6-C6H3Me3) 
from Ru6(14-7 2-00)2(C0) 1 3(11 6-C6H3Me3). 
The second study of carbide formation during thermolysis of Ru3(CO)12 by Martin 
et al. involves the strained arene [2.2]-paracyclophane. 5 The electronic characteristics of this 
arene appear to have stabilised far more intermediates in the cluster build-up sequence than 
observed for the basic arene series: benzene, toluene, xylene, mesitylene. Although, in this 
remarkably thorough and illuminating work, skill in isolating and fully characterising very 
small amounts of the minor components of the reaction mixture has been a very important 
factor. The reaction scheme of this model work is shown in figure 2.2. Whilst it is tempting 
to think of these transformations as a linear set of sequential steps, it must be borne in mind 
that due to the nature of these thermolytic reactions many species exist even in 'simple' 
conversion reactions of isolated intermediates and there is no evidence to suggest there are 
not parallel routes to cluster carbide formation. 
Compound e contains the oxygen and carbon atoms of a cleaved CO group. The 
carbon has assumed the position of an interstitial carbide atom, whilst the .I2 oxygen is in an 
unusual bonding mode, bound both to the arene and two metal atoms. Experimental 
evidence has shown that this 'crippled' octahedral cluster converts quantitatively to f with 
concomitant loss of CO2. 
Chisholm et al have also reported an interesting cluster compound containing both 
the carbon and oxygen atoms of a cleaved carbonyl unit. 6 The alkoxide cluster W4(.t4-
C)(0)(OiPr)12 contains a carbido atom bound to four metals, in a 'butterfly' arrangement 
and an oxide atom bound to only two metals. This and the example in Martin's work (vide 














Figure 2.2: The family of [2.21-paracyclophane. ruthenium cluster carbonyl intermediates leading to carbide 
formation in Ru6C(CO) 14(93-C 16H 16). Solid arrows indicate proven conversions and dashed arrows indicate 
possible conversions. 
Interstitial atoms and molecular fragments are one of the most interesting facets of 
cluster chemistry. Hydrogen, boron, carbon, nitrogen, aluminium, silicon, germanium, 
sulphur, phosphorus and C2 have all been shown to occupy these special cluster sites. The 
it-donor clusters of the earlier transition metals (recently described by Corbett et al. 8)  and 
metal carbonyl clusters show the greatest propensity to include these atoms. NMR 
spectroscopy serves to probe the unusual environment experienced by these atoms. 
Chemical shifts can be extraordinarily high, due to strong de-shielding effects. This must 
not be interpreted as a positive charge, as with NMR spectra of acids, rather a reflection on 










Compound 	interstitial atom geometry (ppm) NMR ref. 
[Rh13(CO)H]4- Rh hcp +6370 3.16 MHz 
[Rh6(CO)13C] 2- C Oh +338 TMS 
[C06(CO)15C] 2 C Tr.Pr +333 TMS 
[C06(CO)15H] - H Oh +23.2 TMS 
Table 2.1. The chemical shifts and geometry of selected interstitial atoms. 
The governing factors affecting the stability of these compounds would appear to be 
both the size of the cavity and the electronic nature of the surrounding metals. A qualitative 
schematic energy level diagram for M6C type clusters is given in figure 2.3. 
ML3 	(ML3)6 	Cluster 	C 
Figure 2.3. Schematic energy-level diagram for an octahedral metal carbonyl cluster with an interstitial main 
group atom. 10 
On the basis of the MO scheme it can be seen that the M6-C interaction is a very 
strong one and serves to stabilise such clusters. This is mirrored by their chemical stability 
which has been utilised to great effect by synthetic cluster chemists making the Ru6C 
cluster, in particular, one of the most derivatised HNCCs. 
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An interesting procedure for the conversion of non-carbide hexaruthenium clusters 
to carbide clusters has been published. 11 The reaction involves treatment of R116(CO)18 2 
with triflic anhydride under aprotic conditions to afford the neutral cluster Ru6C(CO)17. The 
proposed mechanism involves electrophilic attack at a carbonyl oxygen by CF3SO2 and 
subsequent CO cleavage (figure 2.4). Perhaps most remarkably, and an indicator as to the 






.oso2cF] - -[SO3CF31 	 Reairangement 
Ru6(CO) 182 	 Ru 6C(CO) 17 
Figure 2.4: The proposed mechanism for the production of Ru6C(CO)17 from Ru6(CO) 182 by the action of 
triflic anhydride. 
2.22 Synthetic routes to Ru6C(CO)14(arene)-type compounds. 12 
The various methods now available to the synthetic chemist for the preparation of these 
compounds is shown in figure 2.5. The original preparation involves the direct reaction of 
R113(CO)12 with the appropriate arene under reflux, which has yielded Ru6C(CO)14(arene) 
type derivatives of benzene, toluene, xylene, mesitylene and [2.2]para-cyclophane. 13 ' 14 
This is generally the method of choice if the suitable dihydroarene is not easily available. A 
high yielding route to Ru6C(CO)14(arene) complexes is the redox-coupling of a dicationic 
ruthenium arene fragment [Ru(1 6 arene)(solvate)3] 2+ and the dianionic penta-nuclear nido-
carbido cluster [Ru5C(CO)14] 2 . 15 
A route that has been employed to great effect by Dyson et.al., and extended to give 
bis-arene clusters, is via the chemical activation of the parent cluster [Rü6C(CO)17] with a 
stoichiometric amount of Me3NO. 16 This approach involves the oxidative removal of CO 
and the concomitant substitution by a dihydroarene. The reaction usually proceeds to give a 
mixture of products containing both the arene and cyclohexadiene derivatives of the parent 
cluster in moderate yield. Dehydrogenation of the diene derivatives to give the arene 
compounds can be initiated by addition of one molecular equivalent of Me3NO. 
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Ru3 (CO) 12 





 I (V) 
[Ru6 C(CO) ]  
Ru6 C(CO) 17 
Nv) 
R III 1 I 
Ru6C(CO) 15 (p 27 C6H8 ) 
Figure 2.5: Synthetic routes to Ru6C(CO)1401 6-arene) type compounds, (i) thermolysis with the appropriate 
arene; (ii) thermolysis with Ru3(CO) 12 ; (iii) thermolysis with a 1,3 or 1,4-diene at latin. or in a sealed tube 
or chemical activation with 3eq. Me3NO at -78°C in acetone or acetonitrile in the presence of a 1,3 or 1,4-
diene; (iv) Thermolysis or chemical activation with 3eq. Me3NO at -78°C; (v) Redox-coupling of the 
dianionic riido fragment and a tris-solvated dicationic arene ruthenium species. 
The Nature of Activation. 17 
Trimethylamine-N-oxide is nucleophilic by nature. In the activation reaction, it 
attacks the electrophilic carbon atom in the carbonyl ligand, by donating a pair of electrons 
from the oxygen leaving a residual charge on the nitrogen atom which is stabilised by the 
methyl groups. The next mechanistic step is elimination of CO2,  leaving a negative charge 
on the cluster, which is lost through electron transfer to the proximal Me3 N. This 
undeniably produces a coordinated trimethylamine, however the life-time of this weak 
ligand interaction is not known. Similar reactions carried out with osmium carbonyl 
compounds have, however, led to Me3N cluster coordinated intermediates being 
successfully isolated. 18  The reaction is carried out at -78°C to try and increase the longevity 
of the reaction intermediate and thus reduce cluster breakdown. 
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2.30 Synthesis and characterisation of [Ru6C(CO)14 (116 -C6H5C6H5)] (1), [Ru6C(CO)14 
(i6 -C,H5(CH2)C6H5)] (2) , [Ru6C(CO)1 4 (i 6-C6H5(CH2)2C6H5)] (3), [Ru6C(CO)14 (11 6 
C6H5(CH2)3C6H5)] (4) and [Ru6C(CO)14 (7) 6-C6H5(CH)2C61-15)] (5). 
Inter-ring interactions of multi-cyclic ligands have previously been observed in 
cluster-cyclophane compounds by NMR spectroscopy. 14  This section reports a comparable 
electronic effect across a range of compounds. The elucidation of the electronic nature of the 
monomeric species is of great import to the properties of potential polymeric materials. 
The four compounds 1, 2, 3 and 4 have been prepared from the reaction of 
[Ru3(CO)12] with an excess of the appropriate di-arene in n-octane under reflux - method 
(A). In all cases the reaction proceeds to give moderate yields of the required product 
together with small amounts of [Ru6C(CO) 17] The required cluster compounds were 
purified by thin layer chromatography (tic) on silica plates, using as eluent the mixture 30% 
dichioromethane / 70% hexane. Crystals of 1, 2 and 3 suitable for X-ray structure 
determination were grown by slow evaporation from dichioromethane solution. A proposed 
structure for 4 is presented in figure 2.7. 
Compound 3 was made in improved yield together with a second product 5 by an 
alternative method (B) involving the direct reaction of the parent cluster [Ru6C(CO) 1 71 with 
trans - stilbene in an autoclave. Single crystals of 5, suitable for X-ray structure 
determination, were grown from dichioromethane, however due to solvent loss at ambient 
temperature and a phase transition on cooling to 150K data collection was not possible. 
Hence, the proposed molecular structure of S is shown in figure 2.8. The new compounds 
were initially characterised on the basis of their positive fast atom bombardment mass 
spectra and IR spectra. The source of the hydrogen in the hydrogenation step required to 
give 3 has yet to be established. The possibility of trace water being involved in the reaction 
is unlikely in view of the results of deuterium labelling experiments carried out on a similar 
system. 19  The activation of hydrocarbon solvent would appear to be one alternative 
hydrogenation pathway, as would the dehydrogenation of the stilbene. 
2.31 1H NMR of compounds 1-5. 
The region of the 1 H NMR spectra of compounds 1-3 associated with the ring 
protons are shown in figure 2.6. On examination of the ortho doublet of the uncoordinated 
phenyl ring, (6 7.32, 6 7.10 and 6 6.97 ppm for 1, 2 and 3 respectively) it is apparent that 
as the number of -CH2- linkage units is reduced from two to none there is an increase in the 
chemical shift. This may be attributed to the effect of 1 H- deshielding caused by the 
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withdrawal of electron density from the uncoordinated ring by the coordinated phenyl ring. 
This effect is greatest when there is no aliphatic bridge. On examination of the ortho 
resonances on the coordinated phenyl ring there is a similar trend, (6 5.91, 6 5.62 and 6 
5.27 ppm for 1,2 and 3 respectively) but of greater magnitude. This may be explained by 
considering two effects which act upon the proton environments. First, there is a 
deshielding effect caused by coordination to the metal cluster which is in part compensated 
for by the inductive effect of the attached phenyl group. The degree to which this inductive 
compensatory process takes place is related to the number of aliphatic linkages. Second, 
since there is a reduction in it-electron density associated with the coordinated phenyl ring, 
there is a concomitant reduction in the ring current and the subsequent field enhancement 
associated with it.20a However, the uncoordinated phenyl has a ring current which will be 
experienced by protons proximal to it, hence this effect on the coordinated ring protons is 
also related to the number of aliphatic 'linkages by their displacement of the two phenyl 
groups in space. The 13C NMR spectrum of compound 1 has been studied by others and is 
consistent with the trends observed. 20b 
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Figure 2.6: The 1 H 360MHz NMIR spectra of 1-3. The arrows indicate the ortho proton resonances. 
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Figure 2.7: The proposed molecular structures of 4. 
Figure 2.8: The proposed molecular structures of 5. 
Chapter 2 
Compound 5 is of interest since the two rings are linked by an unsaturated trans 
-ethylene group (an observed H-H coupling of 16Hz is consistent with this.) Such a 
delocalised system could be expected to 'transmit' electronic effects along the 7t-system and 
indeed the NMR evidence suggests this is so. The ortho resonance for the coordinated ring 
observed at 8 5.81 ppm implies a greater electronic inductive effect than for either 1 or 2. A 
pointer to the possible reactivity Of this moiety is the polarity observed across the double 
bond due to the electronic withdrawing effect of the cluster. This effect is manifest in a 
chemical shift difference of 0.54 ppm between the olefinic doublets. Such a property is akin 
to that of a Michael acceptor, used widely in organic synthesis. 
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The inductive electronic effect encountered in compounds 1, 2, 3 and 5 appears to 
be negligible in 4. The chemical shift of the ortho proton resonances, used as the indicator 
previously, shows that three methylene linking groups is the limiting length. This is 
understandable due to the through space distance of 4A. The proposed molecular structure 
of 4 is shown in figure 2.7. 
2.32 Solid-state Molecular Structures of 1-3. 
The solid state molecular structures of 1-3 are shown in figures  2.9-2.11, 
respectively along with selected bond lengths. In each compound the metal framework of 
the octahedral cluster resembles that of the parent cluster [Ru6C(CO) 1 7] containing an 
interstitial C(carbido) atom. The cluster geometry experiences small but significant 
electronic effects due to the electron donating capacity of the coordinated arene. This is 
reflected in a trend in the average metal-metal contact for the three cluster systems thus 1 
2.8989(2)A, 2 2.8911(l)A and 3 2.8859(0)A. This perhaps implies that the metallic core 
itself is able to accommodate small changes in electron density by simply expanding or 
contracting. The said compensatory mechanism must work in parallel with the well 
documented synergetic system of metal-carbonyl bonding. Unfortunately, due to the 
complex nature of the CO stretching region of the IR spectra, the 'dilution effect' of so 
many carbonyls, and the low accuracy of the experiment (ca. 2 cml), it was not possible to 
make a meaningful comparison of CO stretching frequencies and electronic effects due to 
substituent groups on the coordinated arene. Correlations of substituent parameters with the 
carbonyl stretching force constant in arenetricarbonylchromium complexes suggest that the 
overall electronic substituent effect transmitted to the carbonyl groups involves both 
mesomeric and inductive mechanisms. Within the restricted domain, including substituent 
group and arene, transmission proceeds largely by resonance, with a minor inductive 
(through-bond and field) effect operative in the same domain. Further transmission from the 
substituted arene ring to the metal atom predominantly involves an inductive mechanism. 
This suggests appreciable participation of the ring carbon framework in the formation of 
the metal-ring bond. 21 
The thirteen terminal carbonyl ligands in 1 exhibit M-C-O angles deviating from 
linearity in the range 19.3(18) to 1.3(22) 0. The j.t-CO on 1 gives a M-C-M angle of 
88.0(8)0. The biphenyl ligand experiences a twist angle of 34.20 between the two averaged 
phenyl planes. Deviation from linearity of metal-carbonyl groups observed for 2 gives a 
range of 15.1(11) to 0.6(12) 0. It also shows a single bridging carbonyl with a M-C-M angle 
of 88.2(5)0. An angle of 52.20  is produced between the two averaged planes determined by 
the phenyl groups. In contrast to 1 and 2, compound 3 shows twelve terminal carbonyl 
ligands and two .t-CO ligands bridging metals Ru(2), Ru(1) and Ru(5) [Ru(l) being the 
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common atom]. The terminal carbonyls deviate from linearity in the range 12.8(3) to 1.8(3). 
The two bridging carbonyls give M-C-M angles of 84.1(11) and 84.0(11); both smaller 
than in 1 and 2. Within estimated error, the aliphatic carbons C(2a) and C(la) adopt an ideal 
staggered conformation. 
The relative solid-state orientations of the arenes in the cluster compounds 1-3 are 
shown in figure 2.12. It is apparent that the arene ligands achieve similar local 
conformations within the constraints of the crystal packing forces. The figure also shows no 
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Figure 2.9. Solid-state molecular structure of 1 with selected bond lengths (A) and standard deviations 0. 
Ru(1) -Ru(2) 2.9074(24), Ru(1) -Ru(3) 2.9135(23), Ru(1) -Ru(4) 2.8565(23), Ru(1) -Ru(6) 2.87 14(23), 
Ru(1) -c 2.057(21), Ru(2) -Ru(3) 2.9467(24), Ru(2) -Ru(4) 2.8542(24), Ru(2) -Ru(5) 2.87 17(24), Ru(2) - 
C 2.099(21), Ru(3) -Ru(S) 2.8430(23), Ru(3) -Ru(6) 2.8955(23), Ru(3) -c 2.126(21), Ru(4) -Ru(5) 
3.0633(23), Ru(4) -Ru(6) 2.8668(23), Ru(4) -c 2.013(21), Ru(6) - C(1) 2.33 1(20), Ru(6) - C(2) 2.249(22), 
Ru(5) -Ru(6) 2.8967(23), Ru(5) - C 2.014(21), Ru(6) -c 1.940(21), Ru(6) - C(3) 2.192(20), Ru(6) - C(4) 2.259(23), Ru(6)-C(5) 2.217(21), Ru(6) - C(6) 2.243(20), C(1)-C(2) 1.43(3), C(1)-C(6) 1.46(3), C(1) -C(1) 
1.50( 3), C(2) - C(3) 1.42(3), C(3) - C(4) 1.40(3), C(4) - C(S) 1.40(3), C(S) C(6) 1.41(3), C(1) -C(2) 
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Figure 2.10. Solid-state molecular structure of 2 with selected bond lengths (A) and standard deviations 0. 
Ru(1) -Ru(2) 2.9089(14), Ru(1) -Ru(4) 2.8989(14), Ru(1) -Ru(S) 2.8504(13), Ru(1) -Ru(6) 2.8693(13), 
Ru(1) -c 2.057(l 1), Ru(2) -Ru(3) 2.8367(14), Ru(2) -Ru(4) 2.9359(15), Ru(2) -Ru(6) 2.8743(14), Ru(2) -c 
2.048(11), Ru(3) -Ru(4).2.8562(14), Ru(3) -Ru(S) 3.0220(13), Ru(3) -Ru(6) 2.8813(13), Ru(3) -c 
2.059(1 1), Ru(4) -Ru(5) 2.8299(14), Ru(4) -c 2.091(11), Ru(S) -Ru(6) 2.8493(13), Ru(5) -c 2.059(11), 
Ru(6) - C 1.929(l 1), Ru(6) - C(1) 2.272(13), Ru(6) - C(2) 2.230(12), Ru(6) - C(3) 2.275(13), Ru(6) - C(4) 
2.231(13), Ru(6)-C(5) 2.264(15), Ru(6) - C(6) 2.289(13), C(1) - C(2) 1.469(18), C(1) - C(6) 1.388(19), 
C(1) -C(10) 1.474(20), C(2) - C(3) 1.371(17), C(3) - C(4) 1.445(18), C(4) - C(S) 1.368(20), C(5) - C(6) 
1.474(20), C(1') -C(2') 1.376(22), C(1') -C(6) 1.355(21), C(1) -C(10) 1.555(20), C(2') -C(3') 1.367(24), 





Figure 2.11. Solid-state molecular structure of 3 with selected bond lengths (A) and standard deviations 0. Ru(1) -Ru(2) 2.856( 3), Ru(1) -Ru(3) 2.883( 3), Ru(1) -Ru(5) 2.894( 3), Ru(1) -Ru(6) 2.879( 3), Ru(l) 
-c 2.084(23), Ru(2) -Ru(3) 2.920(3), Ru(2) -Ru(4) 2.925(3), Ru(2)-Ru(6) 2.869( 3), Ru(2) - C 2.074(23), 
Ru(3) -Ru(4) 2.875(3), Ru(3) -Ru(5) 2.846(3), Ru(3) -c 2.141(23), Ru(4) -Ru(5) 2.944(3), Ru(4) -Ru(6) 
2.871(3), Ru(4) -c 2.033(23), Ru(5) -Ru(6) 2.869(3), Ru(S) -c 2.041(23), Ru(6) -c 1.887(23), Ru(6) - 
C(1) 2.23(3), Ru(6) - C(2) 2.24(3), Ru(6) - C(3) 2.27(3), Ru(6) - C(4) 2.25(3), Ru(6) - C(5) 2.23(3), Ru(6) 
- C(6) 2.25(3), C(1) - C(2) 1.46(4), C(1) - C(6) 1.40(4), C(1)-C(2a) 1.50(4), C(2) - C(3) 1.39(4), C(3) - 
C(4) 1.47(5), C(4) - C(5) 1.42(5), C(5)-C(6) 1.38(4), C(la) -C(2a) 1.53(4), C(la) -C(1') 1.48(4), C(1') -C(2') 







Figure 2.12: The solid-state orientations of the dicycic ligands in 1-3. 
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2.40 Synthesis and characterisation of [Ru6C(CO)14 
( 11 6-C61-15C6!-I4Me)] (6a) and 
[Ru6C(CO)14 (176-Me C6H4C6H5)](6b), [Ru6C (CO)14 (77 6-C6H5C6H4Et)] (7a), 
[Ru6C(CO)14 
( 71 6-EtC6H4C6H5)] (7b), [Ru6C(CO)14 (11 6-C6H5C6H4Ph)1 (8) and 
[Ru6C(CO)14 
( 71 6-C6H5C6H3Ph2)1 (9) 
In the preceding section it is apparent that cluster build-up is favoured at a single arene site. 
This observation therefore posed the question as to which product would be formed if the 
steric/electronic character of the two arene rings in the ligand were different? We have 
previously observed that in the series of simple arene derivatives; benzene, toluene, m-
xylene, mesitylene, the yield of the R116C-arene  complex is related to the number of methyl 
substituents, mesitylene giving the largest. However due to the nature of the preparative 
conditions, the arene being both ligand and thermolysis solvent, it is not possible to separate 
the effect of temperature and that of the steric/electronic character of the arene. Therefore a 
set of simple experiments were devised to help determine the factors governing the preferred 
aryl coordination site. 
The aromatics chosen were 4-phenyltoluene, 4-ethylbiphenyl, 1 ,4-diphenylbenzene 
and 1,3,5-triphenylbenzene. The four R116C derivatives 6, 7, 8 & 9, were prepared from 
the reaction of [Ru3(CO) 1 2] with both an excess and a 0.5 molar quantity of the appropriate 
poly-arene in n-octane under reflux-method (A) vide supra. In all cases the reaction 
proceeded to give moderate yields of the required product together with small amounts of 
[Ru6C(CO) 17] No evidence was found for the production of hydrocarbon linked clusters. 
The cluster compounds were purified by tic on silica plates, using an eluent based on the 
mixture 30% dichioromethane / 70% hexane. Crystals of 6 and 7 suitable for X-ray 
structure determination were nucleated from dichioromethane/pentane by slow vapour 
diffusion. 
The 4-phenyltoluene isomeric derivatives 6a and 6b were isolated as a single well 
defined red-brown band on the tic plate. The JR spectrum in the CO region was consistent 
with that of a R116C-arene compound wherein the arene is bound in an 71 6  mode. The FAB 
mass spectrum showed a single molecular ion peak at 1178 amu (caic. 1178), with a 
carbonyl regression consistent with these systems, showing the loss of several CO units. 
1 H NMR in CDC13 at ambient conditions showed a mixture of the two coordination 
isomers. Due to the difficulty in separation of 6a and 6b a VTNMR experiment was 
undertaken to determine whether or not an equilibrium process was present. The solvent 
used was 1,1 ,2,2-tetrachloroethane-d2 so that higher temperatures could be reached without 
solvent loss problems. The experimental procedure involved collecting data at 20 K intervals 
from ambient temperature to a maximum of 400 K. At each temperature increment the 
sample/apparatus was given 30 mm. to reach thermal equilibrium. The spectroscopic 
evidence thus gained showed no change in isomer ratio with temperature and therefore no 
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measurable interconversion over the time of the experiment. To distinguish the resonances 
due to the specific isomers a series of n.O.e experiments were undertaken. This type of 
experiment has a second line of interest. If interconversion was occurring between the two 
isomeric forms on the double resonance time-scale then we should see mutual saturation of 
the two corresponding signals. It was also noticed that solutions analysed by NMR made up 
from different crops of crystals gave varied isomer ratios. This is at odds with the solid-state 
structure of 6 which contains both isomers in equal proportions (vide infra). This evidence 
implies that ad-crystallisation occurs along side co-crystallisation. 
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Figure 2.13. The solid-state molecular structure 6a, showing the atomic labelling scheme; the C atoms of 
the CO groups bear the same numbering as the corresponding 0 atoms. Relevant bond distances (A) and 
angles (0)  Ru(1A)-C(12A) 1.870(9), Ru(1A)-C(13A) 1.874(9), Ru(IA)-C(11A) 2.044(8), Ru(1A)-C(OA) 
2.087(7), Ru(1A)-Ru(3A) 2.8338(14), Ru(1A)-Ru(2A) 2.8826(12), Ru(IA)-Ru(5A) 2.884(2), Ru(1A)-
Ru(6A) 2.9586(14), Ru(2A)-C(OA) 1.9 12(7), Ru(2A)-C(3A) 2.210(8), Ru(2A)-C(6A) 2.234(8), Ru(2A)-
C(2A) 2.242(8), Ru(2A)-C(4A) 2.250(9), Ru(2A)-C(5A) 2.254(9), Ru(2A)-C(IA) 2.3 12(7), Ru(2A)-Ru(6A) 
2.8505(12), Ru(2A)-Ru(4A) 2.871(2), Ru(2A)-Ru(3A) 2.874(2), Ru(3A)-C(32A) 1.873(9), Ru(3A)-C(3 1A) 
1.899(8), Ru(3A)-C(11A) 2.050(8), Ru(3A)-C(OA) 2.068(7), Ru(3A)-Ru(5A) 2.8657(12), Ru(3A)-Ru(4A) 
3.0438(13), Ru(4A)-C(42A) 1.889(l 1), Ru(4A)-C(41A) 1.894(10), Ru(4A)-C(43A) 1.91(2), Ru(4A)-C(44A) 
1.92(2), Ru(4A)-C(OA) 2.050(7), Ru(4A)-Ru(6A) 2.829(2), Ru(4A)-Ru(5A) 2.8637(13), Ru(5A)-C(56A) 
1.77(2), Ru(5A)-C(55A) 1.80(2), Ru(5A)-C(53A) 1.91(3) , Ru(5A)-C(52A) 1.95(3), Ru(5A)-C(5 1 A) 
1.99(2), Ru(5A)-C(54A) 2.05(2), Ru(5A)-C(OA) 2.087(7), Ru(5A)-Ru(6A) 2.892(2), Ru(6A)-C(63A) 
1.859(13), Ru(6A)-C(61A) 1.874(10), Ru(6A)-C(62A) 1.905(12), Ru(6A)-C(OA) 2.056(7), C(IA)-C(2A) 
1.414(12), C(1A)-C(6A) 1.417(12), C(1A)-C(1'A) 1.479(11), C(2A)-C(3A) 1.408(12), C(3A)-C(4A) 
1.42(2), C(4A)-C(5A) 1.39(2), C(5A)-C(6A) 1.397(13), C(1 'A)-C(6'A) 1.379(10), C(1 'A)-C(2'A) 1.395(10), 
C(2'A)-C(3'A) 1.378(12), C(3'A)-C(4'A) 1.386(12), C(4'A)-C(5'A) 1.381(11), C(4'A)-C(7'A) 1.492(11), 
C(5'A)-C(6'A) 1.375(1 1), C(1 1A)-O(1 1A) 1.173(9), C(12A)-O(12A) 1.157(10), C(1 3A)-O(13A) 1.146(10), 
C(31A)-0(31A) 1.130(9), C(32A)-O(32A) 1.143(9), C(41A)-O(41A) 1.147(10), C(42A)-O(42A) 1.145(11), 
C(43A)-0(43A) 1.14(2), C(44A)-0(44A) 1.19(3), C(5 1A)-0(5 lÀ) 1.14(2), C(52A)-0(52A) 1.11(3), 
C(53A)-0(53A) 1.08(3), 0(53A)-0(55A) 1.74(2), C(54A)-0(54A) 1.18(3), C(55A)-0(55A) 1.24(2), 





Figure 2.14. The solid-state molecular structure 6b, showing the atomic labelling scheme; the C atoms of 
the CO groups bear the same numbering as the corresponding 0 atoms. Relevant bond distances (A) and 
angles (°): Ru(1)-C(12) 1.875(7),Ru(1)-C(1 1)1.892(8), Ru(1)-C(43) 2.039(8), Ru(1)-C 2.061(7), Ru(1)-
Ru(3) 2.8328(13), Ru(1)-Ru(4) 2.8421(11), Ru(1)-Ru(2) 2.893(2), Ru(1)-Ru(5) 3.0609(14), Ru(2)-C 
1.927(7), Ru(2)-C(5) 2.225(8), Ru(2)-C(4) 2.231(8), Ru(2)-C(3) 2.240(7), Ru(2)-C(2) 2.240(8), Ru(2)-C(6) 
2.254(7), Ru(2)-C(1) 2.3 12(7), Ru(2)-Ru(6) 2.8642(13), Ru(2)-Ru(5) 2.8726(13), Ru(2)-Ru(4) 2.8951(12), 
Ru(3)-C(32) 1.896(9), Ru(3)-C(31) 1.911(10), Ru(3)-C(33) 1.916(8), Ru(3)-C 2.096(7), Ru(3)-Ru(5) 
2.8325(13), Ru(3)-Ru(4) 2.9185(13), Ru(3)-Ru(6) 2.927(2), Ru(4)-C(4 1)1.882(8), Ru(4)-C(42) 1.887(8), 
Ru(4).0 2.069(7), Ru(4)-C(43) 2.098(7), Ru(4)-C(61) 2.491(8), Ru(4)-Ru(6) 2.8654(14), Ru(5)-C(53) 
1.889(10), Ru(5)-C(52) 1.901(10), Ru(5)-C(51) 1.910(9), Ru(S)-C 2.055(7), Ru(5)-Ru(6) 2.8757(12), 
Ru(6)-C(63) 1.866(9), Ru(6)-C(62) 1.907(9), Ru(6)-C(61) 1.977(8), Ru(6)-C 2.061(7), C(1)-C(2) 1.394(10), 
C(1)-C(6) 1.421(1 1), C(1)-C(1') 1.486(1 1), C(2)-C(3) 1.398(1 1), C(3)-C(4) 1.414(12), C(4)-C(5) 1.399(12), 
C(4)-C(7) 1.500(11), C(5)-C(6) 1.404(12), C( 1 ')-C(2') 1.396(l 1), C(2')-C(3') 1.398(12), C(3')-C(4') 
1.381(13), C(4')-C(5) 1.362(13), C(5')-C(6) 1.395(12) C(1 1)-O(1 1)1.140(9), C(12)-0(12) 1.145(8), C(3 1)-
0(31) 1.137(10), C(32)-0(32) 1.144(9), C(33)-0(33) 1.128(9), C(4 1)-O(4 1)1.142(8), C(42)-0(42) 1.140(8), 
C(43)-0(43) 1.172(8), C(51)-0(5 1)1.145(9), C(52)-0(52) 1.139(l 1), C(53)-0(53) 1.142(l 0), C(61)-O(61) 
1.140(9), C(62)-0(62) 1.147(9), C(63)-0(63) 1.146(10). 
Chapter 2 
2.41 The Solid-State Molecular Structures of [Ru6C(CO)14 (r 6-C6H5C6J-I4Me)1 (6a) & 
[Ru6C(CO)14 (116-Me C6H4C6H5)] (6b). 
The solid-state molecular structures of the isomeric Ru6C-arene  compounds 6a & 
6b are shown in figures 2.13 and 2.14 along with important structural parameters. The two 
isomers, co-crystallised from a dichioromethane solution, are closely related and shall be 
discussed together. This serendipitous self assembly of the two coordination isomers allows 
very close comparisons to be made. Both 6a & 6b contain a Ru6C(CO)14 unit attached to 
the biphenyl derivative in an 11 6  mode in keeping with other compounds in this chapter. In 
6a the cluster is bound to the phenyl [C6H5] part of the ligand, whilst in 6b the cluster 
coordinates the tolyl [C6H4CH3] ring. The hexaruthenium cluster core of each isomer 
encapsulates a carbido atom at its centre. In both 6a & 6b the interstitial atom interacts most 
closely with the ruthenium atom carrying the arene ligand. The metal-metal distances in each 
isomer give a similar range [Ru(2a)-Ru(5a) 2.834(2)A to Ru(2a)-Ru(3a) 3.044(2)A for 6a 
and Ru(4)-Ru(6) 2.832(2)A to Ru(4)-Ru(5) 3.061(2)A for 6b]. The carbonyl bridged 
metal-metal contacts are among the shortest in each isomer. 
The arene-cluster interaction in both 6a & 6b shows a distinct pattern of five short 
and one long metal carbon distance. The long Ru-C ne bond in each isomer is between the 
apical ruthenium atom and the ring carbon bound to the pendant phenyl ring [Ru(la)-C(8a) 
2.32(1)A in 6a and Ru(1)-C(1) 2.32(1)A in 6b],  whilst the remaining five distances are 
identical within estimated error. The C-C distances within the hydrocarbon frameworks of 
both 6a & 6b are given in figure 2.15. 
It is of interest to note how little the bond lengths vary between the coordinated and 
uncoordinated rings in these structures. Communication between the phenyl rings, shown to 
occur by NMR, is likely to be related to the inter-ring distance and the torsion angles; both 
6a & 6b show an inter-ring bond length less than that normally associated with a C-C 
single bond, and give torsion angles of 34 deg. and 21 deg., respectively. All the C6 rings 
in 6a & 6b are planar to within estimated error. 
The remaining coordination sphere of the 6a cluster is made up of thirteen terminal 
carbonyl ligands and a bridging CO triangulates the Ru(2a)-Ru(5a) vector. The Ru(6a)-
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Figure 2.16. The disorder displayed by the Ru(6a)-tricarbonyl group in 6a. The two orientations are related 




The disordered COs interlock with a second molecule of 6a related by a centre of inversion. 
Hence, the coordination isomer 6a is divided equally between two rotomers in the solid-
state. This is just one of many interesting intermolecular interactions displayed by this co-
crystal which are discussed below. The carbonyl polyhedron of 6b is made up of twelve 
terminal carbonyl ligands, together with a bridging CO triangulating the Ru(2)-Ru(5) vector 
and a semi-bridging CO predominantly bound to Ru(3) with a secondary interaction to 
Ru(2). 
2.42 The solid-state supramolecular architecture of 6a and 6b. 
The solid-state supramolecular architecture of the 6a/6b crystal shows many 
interesting intermolecular interactions as well as the disordered CO interlocking in 6a 
previously mentioned. Figure 2.17. shows an overall packing diagram for the 6a16b 
crystal. Packing occurs in such a manner as to maximise CO ... OC and arenearene 
interactions, as has been previously observed in numerous bis-arene hexaruthenium 
clusters. 12  Molecular pairing through arene••arene interactions of the 6a6a and 6b ... 6b 
type dominate. These 'graphitic' like interaction between the substituted biphenyl ligands are 
shown in figures 2.18 and 2.19 respectively. The distance between the parallel toluene 
planes in both types of interaction is 4.3A even though the two interactions are topologically 




Figure 2.17: The solid-state architecture of 6. CO's have been removed for clarity and cluster cores are 
represented by spheres positioned by their centre of mass. 
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Figure 2.18. The 'graphitic' like interactions between the 4-methylbiphenyl aromatics in 6a. 
Figure 2.19. The 'graphitic' like interactions between the 4-methylbiphenyl aromatics in 6b. 
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Along with these arene ... arene interactions are a series of interesting intermolecular 
interactions of the CO••H-C type. Molecular pairing of 6a by a very short COH-C 
interaction [2.249A] is shown in figure 2.20. By way of symmetry the interaction occurs 
twice between the molecular pair and is between the oxygen of a bridging carbonyl and a 
coordinated asene hydrogen. It has previously been postulated that the .t-COs of a given 
transition metal carbonyl compound will be more basic than the non-bridging carbotiyls. 27 
Also the coordination of arene compounds is known to increase the acidity of the aryl 
hydrogens. These two factors may promote COH-C type interactions. Further interactions 
of this type up to 2.60A are given in table 2.2. The nature of these interaction is unclear 
although an admixture of dipole-dipole and hydrogen bonding interactions may serve as an 
adequate description. 
Figure 2.20. The CO H-C type interactions between molecules of 6a. 
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Table 2.2. CO ... H-C type interactions between molecules of 6a and 6b < 2.60A. C-H bond are normalised 
to 1.08A. 
Donor H Acceptor D-A HA D—HA 
C(7) H(7) 0(41) 3.384 2.386 152.9 
C(9) H(9) 0(33) 3.343 2.579 127.1 
C(13) H(13) 0(21) 3.459 2.383 174.1 
C(5a) H(5a) 0(24a) 3.336 2.566 127.6 
C(7a) H(7a1) 0(52a) 3.542 2.475 169.2 
C(7a) H(7a2) 0(22a) 3.474 2.574 140.3 
C(lOa) H(10a) 0(22a) 3.283 2.249 159.7 
C(12a) H(12a) 0(63a) 3.027 2.552 103.6 
C(13a) H(13a) 0(43a) 3.204 2.385 131.4 
The utilisation of the substituted 4-methylbiphenyl appears to show little or no 
control over the coordination of the cluster to a particular arene ring. This is perhaps 
unsurprising on electronic grounds due to the small Hammet parameter associated with the 
substituent group. Steric hindrance due to the extra methyl group in the para-position is 
small especially in the apical coordination site, however, may still be anticipated to have an 
effect in the product distribution. Since none is detected, it is perhaps likely that the small 
degree to which the Me group sterically hinders the coordination at the arene is compensated 
for by the small +1 effect and consequent increase in electron density in the doubly 
substituted ring. 
2.43 Synthesis and characterisation of [Ru6C(CO)14 (11 6-C 6H5C6H 4Et)] (7a), 
[Ru6C(CQ)14 (116-EtC6H4C6H5)] (7b). 
The 4-ethylbiphenyl isomeric derivatives 7a and 7b were also isolated as a single 
red-brown band on the tic plate. The JR spectrum in the CO region was consistent with that 
of a Ru6C-arene compound bound in an 716  mode. The FAB mass spectrum showed a single 
molecular ion peak at 1192 amu (calc. 1193), with a carbonyl regression consistent with 
these systems, showing the loss of several CO units. 1 H NMR in CDC13 at ambient 
conditions again showed a mixture of the two coordination isomers, although in this case 
the ratio of the isomers (=a20: 1) was heavily biased toward 7a (i.e. coordination to the C6H5 
ring). This excess indicates that 7a is the preferred product, presumably on kinetic grounds 
since whilst the Et group has a very small Hanimet parameter it possesses a significant steric 
influence. Hence it is possible to exercise control over the product distribution of 
56 
Chapter 2 
coordination isomers by careful choice of aryl substituent. This idea is extended, in the 
synthesis of 8 and 9 where absolute control is encountered (vide infra). 
The solid-state molecular structure of the minor isomer 7b is shown in figure 2.21 
along with selected structural parameters. The molecular structure shows many strong 
similarities to 6b. First, the migration of the interstitial carbon atom toward the ruthenium 
atom carrying the substituted biphenyl ligand gives an almost identical distance [Ru(l)
C(99) 1.94(1)A}. Secondly, the cluster-arene interaction shows the same pattern of five 
short bonds and one long bond from the apical ruthenium to the ring carbon bound to the 
pendant phenyl group [Ru(1)-C(1) 2.30(1)A]. Thirdly, the distribution of Ru-Ru contacts is 
very similar. Fourthly, a slight shortening of the inter-ring C-C distance is also apparent, 
again suggesting a communicative mechanism between the ring systems. The torsion angle 
between the rings is, however, much larger [43.7 deg.]. The Et group occupies aposition 
above and away from the cluster core and both C-C bond lengths are consistent with those 
of single character. Thirteen terminal carbonyls and a p-CO triangulating the Ru(4)-Ru(5) 






Figure 2.21. The solid-state molecular structure 7b, showing the atomic labelling scheme; the C atoms of 
the CO groups bear the same numbering as the corresponding 0 atoms. Relevant bond distances (A) and 
angles (0) Ru(l)-Ru(2) 2.879(2), Ru(1)-Ru(3) 2.892(1), Ru(1)-Ru(4) 2.893(3), Ru(1)-Ru(5) 2.870(2), 
Ru(2)-Ru(3) 2.831(2), Ru(2)-Ru(4) 2.938(2), Ru(2)-Ru(6) 2.905(2), Ru(3)-Ru(5) 3.014(2), Ru(3)-Ru(6) 
2.889(2), Ru(4)-Ru(5) 2.859(2), Ru(4)-Ru(6) 2.854(2), Ru(5)-Ru(6) 2.855(2), Ru(1)-C(99) 1.94(1), Ru(2)-
C(99) 2.07(1), Ru(3)-C(99) 2.06(1), Ru(4)-C(99) 2.06(1), Ru(5)-C(99) 2.04(1), Ru(6)-C(99) 2.09(1), Ru(1)-
C(1) 2.30(1), Ru(l)-C(2) 2.25(1), Ru(1)-C(3) 2.25(1), Ru(1)-C(4) 2.24(1), Ru(1)-C(5) 2.25(1), Ru(1)-C(6) 
2.24(1), C(1)-C(2) 1.42(2), C(1)-C(6) 1.41(2), C(1)-C(9) 1.48(2), C(2)-C(3) 1.43(2), C(3)-C(4) 1.40(2), 
C(4)-C(5) 1.40(2), C(5)-C(6) 1.39(2), C(4)-C(7) 1.53(2), C(7)-C(8) 1.53(2), C(9)-C(14) 1.37(2), C(9)-C(10) 




2.44 The solid-state suprainolecular architecture of 7b. 
The solid-state architecture of 7b also shows similar intermolecular interactions as 
observed in 6a and 6b (figure 2.22). Again, on first inspection, the solid state packing 
appears to maximise both CO• •OC and arene•••arene interactions. The graphitic' like 
arene ... arene molecular pairing is subtly different however, possibly due to the steric 
hindrance of the Et group. As mentioned previously the torsion angle is greater in 7b than 
6a or 6b. This produces an arene ... arene interaction whereby an hydrogen atom in the 3-
position points into the centre of the it-orbitals of an adjacent ring (figure 2.23). 
Arene•••arene interactions of this type have been previously documented in other solid-state 
systems. 22 
Figure 2.22: The solid-state architecture of 7b. CO's have been removed for clarity and cluster cores are 
represented by spheres positioned by their centre of mass. 
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Figure 2.23. The arene ... arene interactions between the 4-ethylbiphenyl aromatics in 7b. 
Compound 7b also shows molecular pairing due to an interaction of the CO ...H-C type as 
observed in 6b. Similar to 6b, the oxygen acceptor atom is part of a p.-CO and interacts 
with a hydrogen bound to a coordinated arene (0(42)••H(6)-C(6) 2.315A) to give a kind of 
solid-state 'dimer' (figure 2.24). A second interaction of the CO..H-C type gives a 'nose-
to-tail' chain arrangement of molecules roughly parallel to the b-axis, which is a longer 




Figure 2.24. The CO "H-C type interactions between molecules of 7b. 
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2.45 Synthesis and Characterisation of [Ru6C(CO)14 (?16-C6H5C6H4Ph)1  (8) and 
[Ru6C(CO)14 (7 6.. C6H5C6H3Ph2)] (9). 
Two further aryl ligands were used to make Ru6C-aryl derivatives, namely terphenyl 
[PhC6H4Ph] and 1,3,5 -triphenylbenzene [C6H3Ph3]. Both dark-brown cluster compounds 
were synthesised and purified according to method A (see section 2.30). The 1 H NMR of 8 
in CDC13 indicate that a single isomer was produced from the thermolysis reaction, 
coordinated to the cluster through a pendant phenyl group. The JR spectrum in the CO 
region is consistent with that of a Ru6C-arene compound bound in an 716  mode. The +FAB 
mass spectrum shows a molecular ion peak at 1242 (calc. = 1241) amu., followed by the 
successive loss of several CO units. This evidence indicates the ligand has remained intact 
during the reaction and a proposed molecular structure is given in figure 2.25. The solid-
state structure of the coordination isomer, synthesised by a different route, has been 
determined. 23 This isomer wherein the cluster is coordinated to the central phenyl ring was 
synthesised by the reaction of LiPh with the cluster Ru6C(CO) l4(116-C6H6)  to give the 
dianionic adduct [Ru6C(CO)14(1 4-C6H6Ph2)} 2 in which the organic moiety is a 1,4-
dihydrodiphenyl arene coordinated to the cluster at a single metal site. Abstraction of two 
hydrides with trityl borofluorate gives the uncharged arene cluster Ru6C(CO)14(11 6 -
C6H4Ph2). 
The 1 H NMR of 9 in CDC13 also indicated that a single isomer was produced in the 
thermolysis reaction, coordinated through a pendant phenyl group. The JR spectrum in the 
CO region was consistent with that of a Ru6C-cluster with an arene bound in an i1 6 fashion. 
The +FAB mass spectrum showed a molecular ion peak at 1242 (calc. = 1241) amu., with a 
carbonyl regression consistent with these systems, showing the loss of several CO units. 
This evidence indicates the ligand has remained intact during the reaction and a proposed 
molecular structure is given in figure 2.26. 
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Figure 2.25. The proposed molecular structure 8; the COs are omitted for clarity. 
Figure 2.26. The proposed molecular structure 9; the COs are omitted for clarity. 
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From these results it may be concluded that cluster build-up may only occur at an 
aryl ring that is suitably sterically unhindered. However, in the synthesis of 8 and 9 it must 
be remembered that since there are more pendant phenyls than sterically hindered rings there 
is a statistical bias toward the coordination behaviour observed. 
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2.50 Synthesis and characterisation of [Ru6C(CO)14 (1 6-C6H5CHMeC6H 5)1 (10), 
1Ru6C(CO)14 (7I6..  C6H5C: CH2C6H5)] (11), [Ru7 C(CO)14 (U3: o:o i76: 6 C6H4CH2C6H4)] 
(12) 
Dehydrogenation of alkenes of the type RCH=CHR' in thermolysis reactions of Ru3(CO)12 
is a commonly observed phenomenon, usually resulting in alkyne type moieties coordinated 
to a variety of different nuclearity clusters. 24 Hence for the synthesis of 5 (vide supra) a 
direct carbonyl substitution reaction on the parent cluster [Ru6C(CO)17] 20 in an autoclave. 
was chosen. To avoid this problem during the thermolysis reaction and still produce an 
unsaturated linking group connecting the arene rings 1,1 -diphenylethylene was employed in 
the production of an additional group of Ru6C(arene) type compounds (figure 2.27). 
Ru3(CO) 12 	
a 
Ph 	 Ph 






Figure 2.27 Products from the thermolysis of 1, 1 -diphenylethene and Ru3(CO) 12 in refluxing octane. 
The four R116C derivatives 10, 11 & 12 respectively, were prepared from the reaction of 
[Ru3(CO)12] with both an excess and a 0.5 molar quantity of 1,1-Diphenylethene in n-
octane under reflux [method (A) vide supra.]. The reaction proceeded to give moderate 
yields of the three products together with a small amount of [Ru6C(CO) 17] Again no 
evidence was found for the production of hydrocarbon linked clusters. The cluster 
compounds were purified by tic on silica plates, using the mixture 30% dichioromethane / 
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70% hexane as eluent. Crystals of 10 and 12 suitable for X-ray structure determination 
were nucleated from dichloromethane/pentane by slow vapour diffusion. 
The three derivatives 10, 11 and 12 were separated as red-brown, black, and 
brown-black bands on the tic plates, respectively. The yields of 10 and 11 were 
approximately equal and substantially higher than that of 12 which could only be isolated in 
minuscule amounts. The JR spectra of 10 and 11 in the CO region were consistent with that 
of a R116C-arene  compound bound in an 1 6 mode. The +FAB mass spectra of 10, 11 and 
12 showed molecular ion peaks at 1192 amu (calc. 1193), 1190 amu (calc. 119 1) and 1290 
amu (calc. 1291), respectively, again with a carbonyl regressions showing the loss of 
several CO units. 
2.51 1HNMR spectra of 10 and 11 
The 1 11 NMR spectrum of 10 in CDC13 at ambient conditions showed a more 
complex set of proton resonances than previously observed for these systeniA multiplet 
centred at 6=7.26 ppm and a doublet at 6=7.05 ppm correspond with the paralmeta and 
ortho protons of the uncoordinated phenyl ring, respectively. At lower frequencies a set of 
five signals due to the coordinated rings protons can be identified. A set of decoupling 
experiments identified the origin of these resonances. The ortho signals, at 6=5.89 ppm and 
6=5.34 ppm are in unusually distinct environments, whilst the meta signals are also 
differentiated but less so at 6=5.56 ppm and 6=5.51 ppm. The para resonance overlaps with 
the low frequency ortho signal and is centred at 6=5.32 ppm. The existence of these 
individual proton environments is a consequence of the proximal chiral centre, which 
whether in its R or S form denies mirror symmetry in the coordinated phenyl. The aliphatic 
protons show two signals: a quartet centred at 6=3.84 ppm corresponding to a single 
hydrogen attached to the tertiary carbon and a doublet at 6=1.43 ppm due to a methyl group. 
This led us to conclude that the double bond in the 1,1-diphenylethylene ligand had been 
hydrogenated during the thermolysis reaction, which was later confirmed by the solid-state 
structure determined by a single crystal X-ray diffraction study. The source of the hydrogen 
was postulated, as being from a small amounts of water in the reaction mixture. Therefore 
an experiment was undertaken to ascertain whether this was true. The reactants were further 
purified; Ru3(CO)12 was sublimed prior to use, 1,1 -diphenylethene was distilled from 
calcium hydride and octane was distilled from Na/K alloy. The reaction was then repeated as 
before with added D20 (0.5 ml). Isolation of the products showed a greater degree of 
breakdown than usual and reduced yields of the products. A 1 H NMR spectrum of 10 in 
CDC13 at ambient conditions together with a +FAB mass spectrum showed no increase in 
the presence of deuterium at the site of hydrogenation. Another possible source of the 
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hydrogen is that produced in the ortho metallation of the ligand in 12. It would be 
worthwhile conducting an experiment with Ph2C=CD2 to determine whether or not this is 
the case. 
The 1 H NMR spectrum of 11 in CDC13 at ambient conditions showed that 
coordinated ligand had remained unsaturated, consistent with the +FAB mass spectrum, 
although the C=C stretch could not be conclusively identified in the solution IR spectrum. 
The NOESY NMR spectrum of 11 along with the spin assignments is shown in figure 
2.29. As in 10, five separate environments can be identified for the coordinated arene 
protons. However, they span a much greater frequency range [Ca. 2.5 ppm]. The large 
chemical shift difference between the protons Hi and Ho indicates a very different 
environment for the two protons. This isprobably due to the steric control exercised by the 
C-C double bond, holding Hi close to the carbonyl cluster and Ho away from it. 
Equivalence of the Hx hydrogens suggests the pendant phenyl is free to rotate about its axis. 
Rotation is hindered however, according to the NOESY data, about the Ph cr-C axis. This 
may be due to the stenc requirements of the ligand or due to some hyperconjugative effect 
involving the Ph jr and the alkene it-system. There is evidence to suggest this may be so in 
the JR spectrum, which shows a shift to lower energy of the two principal absorptions (cf. 
10), indicating a larger degree of MCO7r*  back donation and therefore increased electron 
density in the cluster core. The proposed molecular structure of 11 is shown in figure 2.28. 

























........................... 7.5 	7.0 	6.5 	6.0 	5.5 	5.0 	4 5 	4.0 	3.5 	3.0 	2.5 PPM 
PPM 
Figure 2.29. The NOESY NMR spectrum of 11. 
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2.52 The solid-state molecular structure. of 10 
The solid-state structure of 10 is shown in figure 2.30 along with some structural 
parameters. In common with the other compounds in this chapter the cluster core consists of 
an octahedral arrangement of ruthenium metal atoms encapsulating the interstitial carbido 
atom. The substituted arene is coordinated in.an 1 6-mode which is predominant in 
compounds of this type. Fourteen carbonyl ligands make up the remaining coordination 
sphere of the hexaruthenium cluster. 
The twelve ruthenium, contacts lie in the range Ru(2).Ru(4) 2.799(1) A to Ru(l)
Ru(6) 3.143(2) A. This is a similarly wide range to that observed in the parent cluster 20. 
The shortest Ru-Carbide distance is to the metal carrying the arene [Ru(3)-C 1.92 1(8) All, a 
phenomenon commonly observed in these systems. The Ru(3)-arene carbon distances are 
very similar and lie in the range Ru(3)-C(1A) 2.21(2) A to Ru(3)-C(3A) 2.28(2) A, whilst 
the coordinated arene carbon-carbon distances lie in the range C(4A)-C(5A) 1.38(2)A to 
C(3A)-C(4A) 1.44A. Of importance in this determination is the structural confirmation of 
the hydrogenation of the olefinic part of the 1,1-diphenylethene ligand. The chiral centre 
C(7A) displays a distorted tetrahedral geometry consistent with that of a saturated 
hydrocarbon together with three bond lengths to C(3A), C(8A) and C(7B) of single bond 
character. However, no enantiomeric excess is observed since the space group is 
centrosymmetric. This may not, however, be the case for the bulk compound although no 
measurements were undertaken to ascertain this. The remaining interatomic distances of the 
pendant phenyl ligand show no deviation from those commonly observed. Twelve 
carbonyls show terminal bonding with bond parameters typical of this type, whilst CO(3) 
displays a bridging mode triangulating the Ru(1)-Ru(2) vector and CO(10) occupies a semi-









Figure 2.30. The solid-state molecular structure of 10, showing the atomic labelling scheme; the C atoms 
of the CO groups bear the same numbering as the corresponding 0 atoms. Relevant bond distances (A) and esds 0: Ru(1)-Ru(2) 2.823(1), Ru(1)-Ru(5) 2.844(1), Ru(1)-Ru(3) 2.888(1), Ru(1)-Ru(6) 3.143(1), Ru(2)-
Ru(4) 2.799(1), Ru(2)-Ru(3) 2.883(1), Ru(2)-Ru(5) 2.967(1), Ru(3)-Ru(4) 2.856(1), Ru(3)-Ru(6) 2.862(1), 
Ru(4)-Ru(6) 2.907(1), Ru(4)-Ru(5) 2.923(1), Ru(5)-Ru(6) 2.811(1), Ru( 1)-C 2.045(9), Ru(2)-C 2.092(9), 
Ru(3)-C 1.921(8), Ru(4)-C 2.084(9), Ru(S)-C 2.084(8), Ru(6)-C 2.052(9), Ru(3)-C(1A) 2.21(1), Ru(3)-
C(2A) 2.25(1), Ru(3)-C(3A) 2.28(1), Ru(3)-C(4A) 2.23(1), Ru(3)-C(5A) 2.24(1), Ru(3)-C(6A) 2.24(1), 
C(3A)-C(7A) 1.52(1), C(8A)-C(7A) 1.53(1), C(7B)-C(7A) 1.52(1), C(IA)-C(6A) 1.40(1), C(IA)-C(2A) 
1.4 1(1), C(2A)-C(3A) 1.40(1), C(3A)-C(4A) 1.44(1), C(4A)-C(5A) 1.38(1), C(5A)-C(6A) 1.43(1). 
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2.53 The solid-state molecular structure of 12 
The solid-state structure of 12 is shown in figure 2.31 along with some structural 
parameters. A crystallographic mirror plane lies through Ru(5), Ru(2) and Ru(4), making 
the two phenyl rings and their cluster interaction identical. The arrangement of the seven 
ruthenium metal atoms may be described as a 'spiked' octahedron,. produced by the addition 
of a single ruthenium carbonyl fragment to the more orthodox hexaruthenium carbido cluster 
core. This arrangement of metal atoms is very rare, the only examples displaying 
stabilisation of the ruthenium 'spike' in an unsaturated metallocycle. 25 The 'spike' Ru(5)is 
ry  coordinated to both C6 rings along with three carbonyls, which including the interaction 
with the cluster core produces an essentially octahedral coordination geometry. It is 
immediately apparent that the 1,1 -diphenylethene ligand has been substantially transformed. 
The C=C bond has been cleaved and the remaining 'carbene' [C(15)] hydrogenated to give a 
simple CH2 link between the C6 rings. Hydrogens at both C(9) positions have been 
replaced by an ortho-metallation by Ru(5) at these sites. The hydrocarbon moiety spans two 
cis-ruthenium cluster core atoms with each C6 ring displaying coordination in an r16-mode. 
n7 
Li 0 
Figure 2.31. The solid-state molecular structure of 12, showing the atomic labelling scheme; the C atoms 
of the CO groups bear the same numbering as the corresponding 0 atoms. Relevant bond distances (A) and 
esds 0: Ru(1)- Ru(1)#1 2.9042(10), Ru(1)- Ru(2) 3.0486(9), Ru(1)- Ru(3) 2.8497(1 1), Ru(1)- Ru(4) 
2.8425(9), Ru(2)- Ru(3) 2.8599(9), Ru(2)- Ru(5) 2.9174(12), Ru(3)- Ru(4) 2.8491(9), Ru(3)- Ru(3)#1 
2.7832(10), Ru(1)- C 2.068(6), Ru(2)- C 2.079(8), Ru(3)- C 1.961(6), Ru(4)- C 2.095(8), Ru(1)- C(1) 
1.894(7), Ru(1)- C(2) 1.917(7), Ru(1)- C(3) 1.887(7), Ru(2)-C(4) 1.837(7), Ru(4)- C(5) 1.950(l 1), Ru(4)-
C(6) 1.907(6), Ru(S)- C(7) 1.957(7), Ru(5)- C(8) 1.882(12), C(1)- 0(l) 1.146(8), C(2)- 0(2) 1.132(7), 
C(3)- 0(3)1.145(9), C(4)- 0(4)1.157(8), C(5)- 0(5)1.107(11), C(6)- 0(6)1.137(7), C(7)- 0(7) 1.132(8), 
C(8)- 0(8) 1.144(13), Ru(3).C(9) 2.187(6), Ru(5)-C(9) 2.113(6), Ru(3)-C(10) 2.196(6), Ru(3)-C(11) 
2.246(6), Ru(3)-C(12) 2.219(6), Ru(3)-C(13) 2.216(6), Ru(3)-C(14) 2.198(6). 
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The cluster core metal-metal contacts span a large range. The smallest of these is 
between Ru(3) and its symmetry equivalent Ru(3)#1[2.7832A], which is spanned by the 
hydrocarbon ligand. Whilst the longest, Ru(1)-Ru(2) 3.0486(11)A, is an unbridged edge 
between an equatorial metal and the apical metal with a metal connectivity of five, which is 
repeated twice, due to symmetry. The 'spike' bondlength lies in the normal range for a 
ruthenium metal-metal bond [Ru(2)-Ru(5) 2.9 174(12)]. Of the metal-carbide the distances, 
the smallest is that to the arene carrying Ru(3) at 1.961(6)A. 
The coordination mode of the hydrocarbon ligand is novel. The chelating 
diphenylmethane moiety donates a total of fourteen electrons: twelve it-electrons to the 
cluster core and a further two in sigma coordination to Ru(5). These sigma bonds to the 
ruthenium 'spike' are the shortest metal-ligand interactions at 2.113(6)A and produce an 
angle of 87.3(3)0 at Ru(5). The 11 6 coordinated C6 rings are closely bound to the cluster 
core and give a range of metal-carbon bondlengths; Ru(3)-C(9) 2.187(6)A to Ru(3)-C( 11) 
2.246(6)A. The C6 rings are essentially planar and produce a dihedral angle of 110.3(8)0 at 
C(15). A representation of the hydrocarbon bondlengths is given in figure 2.32. The 
shortest C-C bond is between carbons C(1 1) and C(12) which, at the same time, have the 
longest cluster-arene bondlengths. Fourteen terminal carbonyl ligands make up the 
remaining coordination sphere of the cluster core and 'spike' and donate a total of 28e - to the 
system. Together with the electrons donated by the hydrocarbon ligand this gives a total 
electron count of 102 for the 'spiked' octahedron, which is in accordance with the rules for 






Figure 2.32. A representation of the carbon frame work in 12. 
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2.54 The solid state supramolecular architecture of 12. 
The solid-state architecture of 12 also shows some interesting intermolecular 
interactions. A projection through the bc plane shown in figure 2.33 shows a packing motif 
constructed of inter-locking snakes of molecules displaying two dominant interactions 
which extend along the a-axis. First, a 'graphitic' like interaction is apparent between arenes 
of adjacent molecules, as is shown in figure 2.34, whilst figure 2.35 shows a projection 
through the aligned C6 rings displaying the type of overlap produced. The distance between 
the two planes in this interaction is 3.45A, which is comparable to values previously 
observed in similar bis-arene systems. 27 
Figure 2.33. The solid-state architecture of 12. CO's have been removed for clarity and cluster cores are 
represented by large spheres positioned by their centre of mass. 
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Figure 2.34. The giaphitic like interactions between the C6 rings in 12. 
Figure 2.35. A projection through the C6 rings in 12 showing the overlap geometry. 
Secondly, there is a short contact of the CO.H-C type between the snake like chains of the 
previously mentioned 'graphitic' like interactions. Due to the high symmetry of the crystal 
structure this short contact is repeated four times for each molecule. The 0••H distance is 
quite short [2.345 A] for interactions of this type, falling in the lower range of C-H ... O0 
'hydrogen bonds'. The multi-bonded network thus produced is shown in figure 2.36 along 
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The thermolytic synthesis of Ru6C-arene  cluster derivatives can be successfully extended to 
wide range of oli-phenyl ligands. 
No hydrocarbon linked cluster products have been detected in this type of reaction. 
The autoclave CO substitution reaction to form 5 is a simple and effective high yielding 
route to arene clusters with an unsaturated link between the coordinated and pendant phenyl 
groups. 
Communication between the C6 rings of Ru6C-arene-R-Ph type compounds is dependant 
on the distance and nature of the linking group [R]. 
The heptaruthenium cluster 12, albeit only isolable in tiny yields by this synthetic route, 
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This Chapter contains a study into the pseudo -arene compounds known asfulvenes and 
their coordination characteristics in association with the 86e closo RuijC cluster unit. 
Two fulvenes, 6,6-diphenylfulvene (dpf) and 6,6-dimethylfulvene (dmf), have been 
investigated. The 6,6-dipheny6rulvenefulvene is shown to yield two new coordination 
modes. Stereochemical non-rigid behaviour in solution, of both Ru6C cluster 
coordinated fulvenes, was studied using VTNMR and their respective activation 
energies at coalescence have been calculated. The nature of the stereochemical non-rigid 
behaviour is examined. C-H bond activation is studied in relation to the 6,6-
dimethylfulvene derivative. The same compound is shown to be an intermediate in the 
preparation of cis-biscyclopentadienyl Ru6C cluster carbonyls. 
The crystal and molecular structure of the Zwitter-ionic octahedral cluster, 
[Ru6C(CO)14 (775  -05H4P(C6H5)3)], prepared from the reaction of[Ru6C(CO)17] with 
trimethylamine-N -oxide in the presence of triphenylphosphonium cyclopentadienylide, 
has been established by low-temperature single-crystal X-ray diffraction analysis, and 




A wide variety of synthetic routes has been developed to generate compounds 
containing unsaturated carbocycles bound to a number of transition metal clusters (see 
Chapters 1 &2). These studies have yielded many different modes of coordination of 
the hydrocarbon, many of which involve bonding of the carbocycle to more than one 
metal center. 1-6  Structure analysis of these cluster derivatives has provided valuable 
insight into the surface chemistry of such chemisorbed organic molecules. 7 The redox-
active nature of clusters such as [Ru6C(CO)17] 208 has led to interest in the possibility 
of synthesizing polymeric systems incorporating the active multi-metal units. It has 
been shown that the redox characteristics of cluster units of this type may be tailored by 
coordination of various unsaturated hydrocarbons. 8a 
The fulvene ligand has been shown to bond to transition metals in several 
different modes. Examples of this varied coordination chemistry are best observed 
within the platinum group metals. Bonding through one of the ring double bonds 9 ' 10 or 
through the exocyclic double bond 10 ' 11 has been established. Further coordination in 
an 11 4  manner through the two cyclic double bonds 12-17  or alternatively a .1-T1 2 :1 2 mode 
through the two cyclic double bonds have also been observed. 13  More commonly, the 
fulvene ligand acts as a six electron donor 6' 1424 '35 but there are also examples of aryl-
fulvenes acting as eight electron donors. 15,25-27,33-35  A representation of the different 
coordination modes of the fulvene ligand is given in figure 3.1. However, structural 
and spectroscopic data on these complexes have shown that interesting and subtle 
variations in the nature of the bonded fulvene can occur according to the nature of the 
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Figure 3.1. Previously observed bonding modes of fulvenes. 
The chemical reactivity of fulvene derivatives is exceedingly interesting: 19,28 
30,36 the unusual template reaction in which [Rh(dpf)2]+ (dpf = 6,6-diphenylfulvene) 
traps 02 across the exocyclic a-carbons points to potentially useful applications 31 '32 
and the reaction of tricarbonyl(fulvene)chromium with tertiary phosphines and 
methylene triphenyiphosphorane to give zwitter-ionic addition products has significant 
synthetic potential. 22 '29  The possible resonance forms of fulvenes are shown in figure 
3.2. 
Figure 3.2. Possible resonance forms of the fulvene moiety. 
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3.30 Results and Discussion 
The synthesis of the compounds 13 & 14 described in this section is shown in Scheme 






Ph Ph Ph 
WSW I
20 	 13 	 14 
Scheme 3.3.1. Synthetic routes to compounds 13 & 14. (i) 2 eq. Me3NO I CH02 / dpf / 195 K. (ii) 
1 eq. Me3NO I CH02 / dpf / 195 K. (iii) 3 eq. Me3NO I CH202 / dpf / 195 K. 
3.31 Synthesis and characterisation of [Ru6C(CO)15(u- 112 : i-05H4CPh2)] 13 
The dropwise addition of a solution of two molar equivalents of Me3NO in 
dichioromethane to a solution of the octahedral carbido-cluster [Ru6C(CO)17] 20, also 
in dichioromethane and containing an excess of 6,6-diphenylfulvene (dpf) afforded 
compound 13, as the major product, and some [Ru6C(CO)14(93-(N:T 2:r 3-05H4CPh2)] 
14. Isolation was achieved by thin layer chromatography using 25% dichioromethane-
hexane as eluent. The positive FAB mass spectrum of 13 gave a parent peak centered 
at 1268 (calc. 1268) amu, followed by peaks representing the elimination of several 
carbonyl groups, an observation which is typical of such systems. The. 1 H NMR 
spectrum of 13 in CDC13 obtained at room temperature shows a shift to lower 
frequency for the protons attached to the C5 carbocycle, when compared to the 
spectrum of the free hydrocarbon. 40 A similar effect has been observed for arenes 
bound to cluster species. 6 Interestingly, protons in the 2,5- and 3,4-positions appear to 
be equivalent on the NIMR time scale. This is clearly not the case in the solid state 
structure (vide infra), however, in solution carbonyl scrambling and libration or 
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Figure 3.3. The solid state molecular structure of 13 with insets emphasising the bonding mode. Bond 
lengths(A) with e.s.d's 0 for 2. Ru(1)-C(12), 1.899(8), Ru(5)-C(41) 2.084(8), Ru(1)-C(11), 1.911(9), 
Ru(5)-C 2.100(7), Ru(1)-C 2.011(8), Ru(5)-C(32) 2.519(9), Ru(1)-C(5Z) 2.275(8), Ru(5)-Ru(6) 
2.8890(l 1), Ru(1)-C(4Z) 2.340(9), Ru(6)-C(62) 1.901 (10), Ru(1)-Ru(3) 2.8135(11), Ru(6)-C(52) 
1.909(l 1), Ru(1)-Ru(4) 2.8386(10), Ru(6)-C(61) 1.909(9), Ru(1)-Ru(2) 2.9093(10), Ru(6)-C 2.060(8), 
Ru( 1)-Ru(5) 2.9697(10), C(1Z)-C(1) 1.356(10), Ru(2)-C(21) 1.888(10), C( 1Z)-C(5Z) 1.495(10), 
Ru(2)-C(22) 1.904(10), C(12)-C(2Z) 1.495(10), Ru(2)-C(23) 1.971(9), C(2Z)-C(3Z) 1.411(1 1), Ru(2)-
C 2.035(7), C(3Z)-C(4Z) 1.443(11), Ru(2)-Ru(6) 2.8371(11), C(4Z)-C(5Z) 1.407(10), Ru(2)-Ru(4) 
2.8812(10), C(1Y)-C(1) 1.479(1 1), Ru(2)-Ru(3) 3.0579(12), C(1X)-C(1) 1.517(10), Ru(3)-C(31) 
1.879(8), C(11)-0(11) 1.141(10), Ru(3)-C(32) 1.900(9), C(12)-0(12) 1.140(9), Ru(3)-C 2.005(8), 
C(21)-0(21) 1.139(l 1), Ru(3)-C(3Z) 2.228(9), C(22)-0(22) 1.144(l 1), Ru(3)-C(2Z) 2.290(8), C(23)-
0(23)1.143(10), Ru(3)-Ru(5) 2.8781(10), C(31)-0(31) 1.145(10), Ru(4)-C(43) 1.875(8), C(32)-0(32) 
1. 168(10), Ru(4)-C(42) 1.906(10), C(4 1)-0(4 1)1.170(9), Ru(4)-C 2.085(8), C(42)-0(42) 1.150(l 1), 
Ru(4)-C(41) 2.084(8), C(43)-0(43) 1.136(10), Ru(4)-C(23) 2.413(9), C(51)-0(51) 1.146(10), Ru(4)-
Ru(5) 2.8292(11), C(52)-0(52) 1.152(12), Ru(4)-Ru(6) 3.0132(12), C(53)-0(53) 1.135(10), Ru(5)-





IiI .. 31 .437(23.Z. 
1.3 






The molecular structure of 13, as determined by single crystal X-ray 
diffraction, is shown in figure 3.3. Crystals were grown from a solution of 
dichioromethane by slow evaporation of the solvent. The metal framework consists of 
an octahedral arrangement of six ruthenium atoms with an interstitial carbon atom 
occupying the central cavity. Of primary importance is the coordination of the fulvene 
ligand, in a p.-712 :1 2-manner, along a Ru-Ru vector, formally replacing two adjacent 
terminal CO ligands (see inset figure 3.3). The four cluster coordinated carbon atoms 
[C(2z), C(3z), C(4z) & C(5z)] produce a butadiene 'short-long-short' type arrangement 
(figure 3.4). Metal-carbon bond distances are within the normal range, the longest 
being Ru(1)-C(4z) 2.340(9)A and the shortest being Ru(3)-C(3z) 2.228(9)A. The C5 
ring deviates from planarity, by way of a fold across the C(2z)-C(5z) axis, hence 
indicating the localised nature of the cluster-fulvene bonding in this mode. The exo-
cyclic double bond [C(lz)-C(1) 1.356(10)A] appears to have essentially olefinic 
character. The remaining coordination sphere of the cluster is satisfied by fifteen 
carbonyl ligands, three in a bridging mode and the remaining twelve are terminal. 
Compound 13 is a precursor to 14 and may be converted, by oxidative removal of a 
third CO by one equivalent of Me3NO, in good yield. On removal of the CO ligand 
from 13 the dpf ligand changes coordination from an edge bridging mode to a facially 
bound mode, with concomitant increase of electron donation from four to six. 
3.32 Synthesis and characterisation of [Ru6C(C0)14(4u3- o 112 :r 3-05H4CPh2)] 14 and 
[Ru6C(CO)14(4u3 -a.172 :113-05H4CMe2)] 15. 
The dropwise addition of a solution of three molar equivalents of Me3NO in 
dichloromethane to a solution of 20 also in dichloromethane and containing an excess 
of 6,6-diphenylfulvene (dpf) or 6,6-dimethylfulvene (dmf) afforded compounds 14 or 
15, respectively, as the major product. Isolation of 15 from the reaction mixture was 
achieved by thin layer chromatography using 25% dichloromethane-hexane as eluent. 
The positive ion FAB mass spectra of 14 and 15 gave parent peaks centred at 1240 
(calc. 1240) amu and at 1117 (calc. 1117) amu, respectively. Following the parent ion 
a carbonyl regression typical of such systems was observed. The IR spectra of 14 and 
15 in dichioromethane are similar, displaying the same profiles in the carbonyl region, 
suggesting a similar CO distribution over the two clusters. 
Crystals of 15 were grown from dichloromethane-pentane solvent diffusion, 
but repeated attempts to collect diffraction data on 15 were unsuccessful since the 
crystals rapidly deteriorated in the X-ray beam, even at 150 K. Crystals of 14 were 
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Figure 3.5. The solid state molecular structure of 14. 
Ru(1)-C(12) 1.91(2), Ru(1)-C(1 1)1.91(2), Ru(1)-C 2.007(13), Rü(1)-C(5Z) 2.238(12), Ru( 1)-C(4Z) 
2.370(14), Ru(1)-Ru(4) 2.834(2), Ru(1)-Ru(3) 2.897(2), Ru(1)-Ru(5) 2.908(2), Ru( 1)-Ru(6) 2.924(2), 
Ru(2)-C(1 3)1.89(2), Ru(2)-C(22) 1.89(2), Ru(2)-C(2 1)1.90(2), Ru(2)-C 2.056(13), Ru(2)-Ru(3) 
2.849(2), Ru(2)-Ru(6) 2.862(2), Ru(2)-Ru(4) 2.915(2), Ru(2)-Ru(5) 2.966(2), Ru(3)-C(31) 1.89(2), 
Ru(3)-C(32) 1.90(2), Ru(3)-C 2.09(2), Ru(3)-C(1Z) 2.201(12), Ru(3)-C(1) 2.364(12), Ru(3)-C(2Z) 
2.466(14), Ru(3)-Ru(6) 2.949(2), Ru(3)-Ru(4) 2.972(2), Ru(4)-C(4 1)1.83(2), Ru(4)-C(42) 1.89(2), 
Ru(4)-C 2.025(13), Ru(4)-C(3Z) 2.165(14), Ru(4)-C(2Z) 2.549(14), Ru(4)-Ru(5) 2.927(2), Ru(5)-
C(51) 1.87(2), Ru(5)-C(52) 1.90(2), Ru(5)-C(63) 2.02(2), Ru(S)-C 2.06(2), Ru(5)-Ru(6) 2.810(2), 
Ru(6)-C(61) 1.87(2), Ru(6)-C(62) 1.91(2), Ru(6)-C(63) 2.07(2),Ru(6)-C 2.067(13), C(1Z)-C(1) 
1.43(2), C( 1Z)-C(2Z) 1.46(2), C( 1Z)-C(5Z) 1.48(2), C(2Z)-C(3Z) 1.40(2), C(3Z)-C(4Z) 1.43(2), 
C(4Z)-C(5Z) 1.41(2), C(1)-C(1X) 1.50(2), C(1)-C(1Y) 1.52(2), C(1 1)-O(1 1)1.14(2), C(12)-0(12) 
1.12(2), C(13)-0(13) 1.12(2), C(21)-0(21) 1.13(2), C(22)-0(22) 1.14(2), C(3 1)-O(3 1)1.15(2), C(32)-
0(32) 1. 16(2),C(41)-0(4 1)1.15(2), C(42)-0(42) 1. 16(2),C(5 I )-0(5 1)1.1 3(2),C(52)-0(52) 1.12(2), 
C(61)-0(61) 1.14(2),C(62)-0(62) 1.11(2), C(63)-0(63) 1.15(2). 
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conditions. The molecular structure of 14, as determined by single crystal X-ray 
diffraction, is shown in figure 3.5. The metal framework consists of an octahedral 
arrangement of six ruthenium atoms encapsulating a carbon atom. The fulvene ligand is 
facially bonded, in a 93-a:12:13-  manner and acts as a six electron donor, formally 
replacing three adjacent terminal CO ligands. 
On close inspection, the fulvene is seen to bond via three different modes of 
coordination to the three ruthenium atoms constituting the triangular metal face. First, a 
a—type (11 1 ) mode, producing the Ru(4)-C(3z) bond. Second, a it-type (r1 2) mode 
giving the Ru(l) -C(4z) and Ru(1)-C(5z) bonds. Third, there is a it-allyl (i) mode 
produced by coordination of C(1), C(lz) and C(2z) to Ru(3). The coordinated moiety 
is planar to within estimated errors. Atom C(1) occupies a distorted tetrahedral 
environment in the a-position, and constitutes a rather unusual arrangement for what is 
essentially an cx-carbocation. The C-C bond lengths vary considerably (figure 3.4) and 
are typical of single and double bonds. The two pendant phenyl groups are in distinctly 
non-equivalent environments. One is in a sterically constrained position, with respect to 
rotation about the C(1)-Ph axis, the other less so. This concurs with 'H NMR 
spectroscopic data for the compound at low temperature (vide infra). The 'H NMR 
spectrum of 14 in CDC13 obtained at room temperature comprises three sets of signals 
at Ca. 8 7.2, 5.0 and 2.8 ppm, corresponding to the phenyl and C5 ring protons (two 
sets) respectively. The simplicity of this spectrum is consistent with some kind of 
fluxional process, and this has been confirmed by recording spectra over a range of 
temperatures, the results of which are presented in figure 3.7. 
3.33 1 H VTNMR studies on 14 and 15. 
These observations may be explained in terms of the observed solid state 
structure (figures 3.5 and 3.10 vide infra) and from a consideration of the ligand 
movements indicated in figure 3.6. The coalescence of the signals A/B and C/D, due 
to the protons H(2z)/H(5z) and H(3z)IH(4z), respectively, on the five membered ring 
can be explained by the swivelling movement of this ring relative to a face of the R1 16 
octahedron, as indicated in figure 3.6. At lower temperatures, the rate of this process is 
reduced, and as a consequence the equivalence of the two phenyl groups is lost. 
Additionally, one of the phenyl groups will experience restricted rotation due to its 
proximity to, and subsequent steric hindrance by, the cluster carbonyls, resulting in the 
detection of two distinct signals from the ortho protons of this ring at low temperature 
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Figure 3.6: A possible mechanism for the exchange process in 14 and 15. 
The 1 H NMR spectrum of the isostructural compound 15 (the proposed 
structure of which is shown in figure 3.9) in CDC13 at 298 K comprises three sets of 
signals at Ca. 6 5.2, 3.1 and 2.0 ppm. The two signals at higher frequency are very 
broad. The appearance of this spectrum is also consistent with a fluxional process 
similar to that described for 14 (vide supra). A variable temperature 'H NMR 
experiment was undertaken and, on cooling, the two high frequency signals coalesced 
at 283 K. Further cooling of the sample to 223 K yielded six separate resonances; 6 
5.72, 4.22, 3.71 and 1.99 ppm of equal intensity corresponding to the ring protons, 
together with singlet resonances at 6 2.34 and 1.78 ppm (3H each) for the methyl 
protons. These observations may also be explained by consideration of the ligand 
movements indicated in figure 3.6. The coalescence of the high frequency signals and 
subsequent formation of the six independent signals at 223 K can be explained by the 
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Figure 3.7. 360 MHz 1 H NMR spectra of 14 recorded over a range of temperatures, these being from 
Lop to bottom; 298, 254, 233, 221 and 208 K. The coalescence of signals C and D at 245 K gives 
LG 47.43 kJmol 1  for the ligand swivel process. 
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It is interesting to compare the transition state free energy (AG1) for the swivel 
process as derived from the coalescence temperature (T a) of equivalent signals for 14 
and 15. Compound 15 gives a value of Ca. 52 kJ/mol whilst compound 14 gives a 
value of Ca. 47 kJ/mol. This observation is perhaps surprising in the light of the more 
bulky phenyl substituents in 14. We tentatively suggest that it is the ability of the R-
group to stabilise the a—C carbocation that is dominent in this case. Whilst the +1 effect 
of the methyl groups will contribute to this in 15, greater stabilisation is produced by 
the phenyl groups in 14 with concomitant lowering of the transition state free energy. 
There are two possible pathways by which this process occurs: firstly through a 
sequence in which the a—C atom eclipses a ruthenium metal atom and secondly where 
it does not. The former seems most likely to be the lowest energy process since the (X—
C atom would remain further stabilised by the metal interaction throughout the 
transition. However, the experiment is unable to distinguish between these two 
pathways, ergo the fluxionality observed is probably an admixture of them. 
non-stabilised 
G  
-60 	-30 	0 	30 	60 
rotation of C5 carbocycle relative to Ru 3 face (deg.). 
Figure 3.8: A possible free-energy profile for the swivel' process. 
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Figure 3.9. A computer generated representation of 15. 




3.34 Synthesis and characterisation of [Ru6C(CO)13(4u- ii5 : i 3 -05H4 C (CH2) 2)]  16 
and [Ru6C(CO)14(u-a:1i5-05H4CH2)] 17. 
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Scheme 3.2. Synthetic routes to compounds 15-18. (i) 3 eq. Me3NO / CH202 / dmf / 195 K. (ii) 2.5 
eq. Me3NO / CH202 / Cp / 195 K. (iii) Reflux in CH 202 / MeCN. (iv) 2 eq. Me3NO / CH202  / 1.5 
eq. H20/ dmf/ 195 K. 
Compound [Ru6C(CO) 14(J.t3-a:n2m3-CSH4CMe2)1  15 undergoes conversion to the 
new compound [Ru6C(CO)1 3(J.L-fl 5 :r 3-05FLC ( CH2)  2)1  16 under ambient conditions 
in chloroform over a period of about 1 week. The rate of this process can be greatly 
increased using slightly more aggressive conditions, viz, warming in acetonitrile, 
which results in its quantitative conversion to 16 in about 20 minutes. The reaction of 
the parent cluster 20 with 2.5 molar equivalents of Me3NO in the presence of 
cyclopentadiene (C.5H6) results in the formation of a number of products including, 
[Ru6C(CO)1 2(fl5-05H5)2]  and [Ru5C(CO)1 o(15-05H5)21,  which have been reported 
previously, 38 and the new complex [Ru6C(CO)14(J.L-1 5 :1 1 -05H4CH2)} 17 which is 
isolated as a minor side-product and is clearly related to 16 (the synthesis of which was 
carried out by P.J.Dyson). Isolation of compounds 16 and 17 was achieved 
chromatographically on silica eluting with 25% dichloromethane-hexane. Both 
compounds have been characterised by spectroscopy and by single crystal X-ray 
diffraction. The mass spectrum of 16 exhibits a parent peak at 1087 (caic. 1088) amu 
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and peaks corresponding to the successive loss of several CO groups. The 'H NMR 
spectrum of 16 comprises of four multiplets at 8 5.51, 3.79, 315 and 1.49 ppm with 
equal relative intensities. These signals may be readily assigned to the four pairs of 
inequivalent protons, four attached to the ring, and two pairs of endo and exo protons 
on the allyl fragment. Similarly, the mass spectrum of 17 contains a strong parent ion 
at 1089 (calc. 1089) amu together with the loss of fourteen carbonyl ligands. The 1 H 
NMR spectrum consists of three signals of equal relative intensity at 8 5.61, 3.72 and 
2.35 ppm. The former two signals are multiplets and may be attributed to the ring 
protons; the signal at 8 2.35 ppm is a singlet resonance and can be assigned to the 
protons of the CH2 fragment. 
Definitive characterisation of 16 and 17 was achieved in the solid state by X-
ray diffraction methods on crystals grown from dichioromethane-hexane solutions at 
248 K. The molecular structures of 16 and 17 are depicted in figures 3.11 and 3.12 
repectively along with principal bond parameters. Since the molecular structures are 
closely related they will be discussed together. 
The six ruthenium atoms form an octahedron which encapsulates a carbide 
atom. The Ru-Ru bonds range from 2.785(2) to 2.956(2) A in 16 and from 
2.8052(13) to 2.9703(13) A in 17. In both clusters the shortest Ru-Ru bond 
corresponds to the organo-bridged edge, Ru(3)-Ru(5) 2.785(2) A in 16 and Ru(1)-
Ru(5) 2.8052(13) A in 17. The Ru-C(carbide) distances average 2.03(3) and 2.04(2) 
A in 16 and 17, respectively, these values being typical of those found in related 
derivatives of [Ru6C(CO)17]. In 16 there are a total of thirteen carbonyl ligands, one 
of which bridges the Ru(3)-Ru(6) vector, the remainder exhibiting essentially terminal 
coordination. In 16 there are fourteen CO ligands, two of which adopt bridging modes 
along the Ru(1)-Ru(3) and Ru(1)-Ru(4) edges. 
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Figure 3.11. The solid state molecular structure of 16 along with dichioromethane solvate. Selected 
structural parameters (A) and e.s.d's 0. Ru(1)-C(13) 1.89(2), Ru(5)-C(51) 1.88(2), Ru(1)-C(11) 
1.93(2), Ru(S)-C 2.017(14), Ru(1)-C(12) 1.96(2), Ru(5)-C(6) 2.17(2), Ru(1)-C 2.066(13), Ru(5)-C(2') 
2.19(2), Ru(1)-Ru(6) 2.825(2), Ru(5)-C(1) 2.21(2), Ru(1)-Ru(4) 2.839(2), Ru(6)-C(62) 1.89(2), 
Ru(1)-Ru(5) 2.928(2), Ru(6)-C(61) 1.92(2), Ru(1)-Ru(3) 2.928(2), Ru(6)-C(63) 2.04(2), Ru(2)-C(21) 
1.91(2), Ru(6)-C 2.055(14), Ru(2)-C(22) 1.92(2), C(1)-C(5) 1.42(2), Ru(2)-C(23) 1.92(2), C(1)-C(6) 
1.45(2), Ru(2)-C 2.035(13), C(1)-C(2) 1.49(2), Ru(2)-Ru(4) 2.838(2), C(2)-C(3) 1.40(2), Ru(2)-Ru(6) 
2.854(2), C(3)-C(4) 1.39(2), Ru(2)-Ru(3) 2.888(2), C(4)-C(5) 1.44(2), Ru(2)-Ru(5) 2.956(2), C(6)- 
C(1) 1.42(2), Ru(3)-C 1.982(14), C(6)-C(2) 1.43(2), Ru(3)-C(63) 2.07(2), C(1 1)-O(1 1)1.13(2), 
Ru(3)-C(5) 2.16(2), C(12)-0(12) 1.12(2), Ru(3)-C(1) 2.19(2), C(13)-0(13) 1.15(2), Ru(3)-C(4) 
2.191(14), C(21)-0(21) 1.12(2), Ru(3)-C(3) 2.20(2), C(22)-0(22) 1.14(2), Ru(3)LC(2) 2.20(2), C(23)-
0(23) 1.12(2), Ru(3)-Ru(5) 2.785(2), C(41)-0(41) 1.15(2), Ru(3)-Ru(6) 2.809(2), C(42)-0(42) 
1. 11(2), Ru(4)-C(43) 1.89(2), C(43)-0(43) 1.14(2), Ru(4)-C(41) 1.89(2), C(5 1)-0(5 1) 1.12(2), Ru(4)-
C(42) 1.94(2), C(61)-0(61) 1.12(2), Ru(4)-C 2.047(14), C(62)-0(62) 1.15(2), Ru(4)-Ru(5) 2.923(2), 
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Figure 3.12. The solid state molecular structure of 17. Selected structural parameters (A) and e.s.d's 0. 
Ru(1)-C 2.024(9), Ru(5)-C(50) 1.865(l 1), Ru(1)-C(5) 2.170(10), Ru(5)-C(51) 1.877(l 1), Ru(1)-C(13) 
2.173(11), Ru(S)-C 2.047(9), Ru(1)-C(2) 2.215(9), Ru(5)-C(1O) 2.204(10), Ru(1)-C(4) 2.216(10), 
Ru(5)-Ru(6) 2.9092(14), Ru(1)-C(3) 2.223(9), Ru(6)-C(60) 1.881(12), Ru(1)-C(1) 2.254(9), Ru(6)-
C(62) 1.894(10), Ru(1)-C(14) 2.266(1 1), Ru(6)-C(61) 1.927(1 1), Ru(1)-Ru(5) 2.8052(13), Ru(6)-C 
2.025(9), Ru(1)-Ru(4) 2.8212(12), C(1)-C(10) 1.435(14), Ru(1)-Ru(3) 2.8254(13), C(1)-C(5) 
1.443(14), Ru( 1)-Ru(6) 2.9448(13), C(1)-C(2) 1.447(14), Ru(2)-C(22) 1.894(11), C(2)-C(3) 
1.388(14), Ru(2)-C(20) 1.896(11), C(3)-C(4) 1.40(2), Ru(2)-C(21) 1.912(1 1), C(4)-C(5) 1.435(14), 
Ru(2)-C 2.028(9), C(13)-0(13) 1.172(12), Ru(2)-Ru(4) 2.8443(13), C(14)-0(14) 1.138(12), Ru(2)-
Ru(6) 2.9074(12), C(20)-0(20) 1.143(12), Ru(2)-Ru(3) 2.9505(13), C(2 1)-O(2 1) 1.140(12), Ru(2)-
Ru(5) 2.9510(13), C(22)-0(22) 1.135(12), Ru(3)-C(30) 1.877(1 1), C(30)-0(30) 1.144(12), Ru(3)-
C(31) 1.892(10), C(31)-0(31) 1.145(11), Ru(3)-C(13) 1.998(1 1), C(40)-0(40) 1.138(12), Ru(3)-C 
2.055(9), C(41)-0(41) 1.155(11), Ru(3)-Ru(6) 2.8132(12), C(50)-0(50) 1.132(12), Ru(3)-Ru(4) 
2.9011(14), C(5 1)-O(5 1)1.141(12), Ru(4)-C(40) 1.875(11), C(60)-0(60) 1.156(12), Ru(4)-C(4 1) 




The most interesting feature of these molecules is the presence of the organic 
moiety and its method of bonding to the cluster. In 16 the organo-ligand displays a 
unique 7-1 3  (cyclopentadienyl-allylic) coordination to two adjacent metal atoms and 
formally donates a total of eight electrons to the cluster framework. Metal-carbon 
distances show little variation and lie in the range 2.16(2) to 2.21(2) A. The C-C bond 
distances in the cluster-bound ligand are shown in figure 3.4. The similarity of these 
bond lengths [mean 1.43(4)A] is indicative of delocalisation around the system and the 
in extenso nature of bonding in 16, rather than being partitioned between individual 
ruthenium atoms. Their mean value corresponds to a bond intermediate in length to that 
of a single and double bond. A similar bonding description applies to the organo-
ligand system in 17, except that it displays an 1 5 -cY (cyclopentadienyl-sigma) 
coordination mode, also bridging two adjacent ruthenium atoms, formally donating a 
total of six electrons to the cluster framework. The Ru-C(ring) orientation is such that 
the Ru(1)-C(1) distance is longer than the other four distances.. The CR2 moiety is 
closely bonded to Ru(5), [2.204(10) A] indicating strong donation to this cluster. 
vertex The C-C bond distances [mean = 1.42(4) A] are shown in figure 3.4, and it 
can be appreciated by comparison that the two organo-systems in 16 and 17 are 
similar; as in 16, the entire moiety in 17 can be viewed as a completely delocalised 
system. 
The bonding arrangement observed in 17 is similar to that encountered in the 
six-membered ring system in [HRu6(1 2-.t4-CO)(CO) 13(p.2-11 1 :r 6-C6H3Me2CH2)] 
which has been isolated as a by-product from the thermolysis of Ru3 (CO)12 with 
mesitylene. A similar arrangement has also been identified in a mononuclear complex, 
[Cr(CO)3(T 5:1 1 -05H4CPh2)J, wherein both the C5 ring and the a-carbon atom bond to 
the metal, the Cr-C bond lengths are very similar to those observed in 17. 
The conversion of 15 to 16 is relatively straightforward to rationalise. The 
transformation requires the loss two H-atoms from the fulvene and one carbonyl from 
the cluster core. Since the reaction proceeds more rapidly in the presence of a donor 
solvent, it might reasonably be assumed that a CO group is initially replaced by MeCN, 
which is relatively labile and this, coupled with the driving force for the organic moiety 
to become delocalised, results in the expulsion of two H-atoms, thereby affording the 
allylic unit in 16, which undergoes rearrangement to produce an edge bridging 
coordination mode. Alternatively the conversion may be viewed as the elimination of 
formaldehyde, the donor solvent in this case plays a less defined role, and a possible 
mechanism is given in scheme 3.3. If indeed this is the mechanism it has important 
ramifications with respect to syn. gas processes. Further work is required to acertain 
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Scheme 33: A possible mechanism for the elimination of H2CO  in the formation of 16. 
In 17 the formation of the C5H4CH2 moiety is somewhat more complicated 
From a separate experiment we have found that this compound is not produced from 
the reaction of 20 with dicyclopentadiene (DCp), the original source of CpH, 
indicating that it is not formed directly from DCp or from an impurity in the DCp 
employed. Further evidence that 17 is not formed from an impurity (e.g. C5H4CH3 or 
another organic system which could undergo reaction to yield C5H4CH2) is that no 
other product identified from the chemical activation reaction contains rnethyl-Cp 
groups. 
An alternative possibility is that the CH2 unit is derived from a coordinated CO 
ligand. We have previously developed a systematic method for the substitution of 
tricarbonyl units by benzene using chemical activation and cyclohexa- 1 ,3-diene. 3 For 
example, with [Ru6C(CO)17] two carbonyls may be replaced by a bridging C6H8 ring 
by addition of 2 molar equivalents of Me3NO. Subsequent reaction of this species with 
further Me3NO results in the formation of [Ru6C(CO)14(1 6-C6H6)], and the 
dehydrogenation process is thought to occur via the intermediacy of a hexadienyl- 
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hydrido cluster, [HRu6C(CO)14(C6H7)]. We have attempted to mimic this behaviour 
employing the five-membered diene ring C5H6 but at no stage have we observed the 
formation of [HRu6C(CO) 14(C5H5)] 43 which one would anticipate if the same 
mechanism operated. Instead, bis(C5H5) complexes are produced, possibly indicating 
that a different mechanism of deprotonation occurs in this system It is conceivable that 
the C5H5 anion formed by deprotonation under the reaction conditions undergoes 
nucleophilic addition to a coordinated carbonyl group followed by a sequence of Hf/It 
iransfer reactions to generate coordinated C5H4CH2 and CO2. We have been able to 
isolate 17 in only low yields which has ruled out the possibility of 13C labelling 
experiments at this stage. 
3.35 Synthesis and characterisation of [Ru6C(CO)12(1-05H4CMe2H)(115 -
C5H4CMe20H)] 18. 
Compound 15 undergoes further reaction with two molar equivalents of Me3NO in the 
presence of dimethylfulvene, and water, to yield [Ru6C(CO)12(fl 5-05H4CMe2H)(T 5 -
C5H4CMe20H)] 18. Extraction of 18 from the crude reaction mixture was performed 
by thin layer chromatography using 20% dichloromethane-hexane as the eluent. The 
mass spectrum of 18 exhibits a strong molecular ion at 1196 (caic. 1196) amu together 
with peaks which correspond to the sequential loss of 12 CO groups. The 1 H NMR 
spectrum contains resonances at 6 5.39, 5.24, 5.11, 2.93, 2.73, 1.48, 1.17 ppm with 
relative intensities of 2:2:4:1:1:6:6. Multiplets at 6 5.39, 5.24 and 5.11 ppm 
correspond to the cyclopentadienyl protons. The isopropyl group shows typical signals 
at 6 2.73 (septet) and 1.17 (d, J = 7 Hz). A slightly broadened signal at 6 2.93 
corresponds to the hydroxyl proton and finally, the remaining resonance at 6 1.48 (s) 
is due to the six methyl protons. 
The molecular structure of 18 has been established by a single crystal X-ray 
diffraction study on a crystal obtained from a dichloromethane-pentane solution by 
vapour diffusion at Ca. 253K. It is illustrated in figure 3.13 and together with relevant 
bond parameters. In a similar manner to the other compounds described (13 - 17) the 
metal core constitutes an octahedron encapsulating a carbon atom. The Ru-Ru bond 
lengths range from 2.784(2) to 3.062(2) A [mean 2.89(6) A]. The C(carbide) occupies 




( I- 	C(7a) 


























0(31) 	 0)62) 	- /' 	C(3b) 
Figure 3.13. The solid state molecular structure of 18 along with selected structural parameters (A) and 
e.s.d's 0. Ru(1)-C(13) 1.88(2), C(1A)-C(5A) 1.41(2), Ru(1)-C(12) 1.895(14), C(IA)-C(2A) 1.42(2), 
Ru(1)-C(11) 2.047(13), C(IA)-C(6A) 1.54(2), Ru(1)-C 2.071(12), Ru(6)-C(63) 1.900(14), Ru(1)- 
2.803(2), Ru(6)-C(6 1)1.911(14), Ru(1)-Ru(6), 2.8724(14) , Ru(6)-C(62) 1.94(2), Ru(1)-Ru(5) 
2.962(2), Ru(6)-C 2.077(12), Ru(1)-Ru(4) 3.062(2), C(2A)-C(3A) 1.43(2), Ru(2)-C 2.027(12), C(3A)-
C(4A) 1.41(2), Ru(2)-C(21) 2.071(13), C(4A)-C(5A) 1.40(2), Ru(2)-C(3B) 2.198(13), C(6A)-O 
1.45(2), Ru(2)-C(4B) 2.221(13), C(6A)-C(8A) 1.47(2), Ru(2)-C(5B) 2.225(12), C(6A)-C(7A) 1.50(2), 
Ru(2)-C(2B) 2.225(12), C(1 B)-C(5B) 1.44(2), Ru(2)-C( 1 B) 2.264(14), C( 1 B)-C(2B) 1.44(2), Ru(2)- 
2.7832(14), C(1B)-C(6B) 1.52(2), Ru(2)-Ru(5) 2.8449(14), C(2B)-C(3B) 1.41(2), Ru(2)-Ru(6) 
2.901(2), C(3B)-C(4B) 1.40(2), Ru(2)-Ru(3) 2.927(2), C(4B)-C(5B) 1.43(2), Ru(3)-C(3 1)1.853(14), 
C(6B)-C(7B) 1.494(10), Ru(3)-C(32) 1.861(14), C(6B)-C(7B') 1.497(10), Ru(3)-C(11) 2.050(13), 
C(6B)-C(8B) 1.499(10), Ru(3)-C 2.075(12), C(6B)-C(8B') 1.510(10), Ru(3)-Ru(6) 2.9 17(2), C(1 1)-
0(11)1.17(2), Ru(3)-Ru(5) 2.9769(14), C(12)-0(12) 1.13(2), Ru(4)-C(21) 2.016(13), C(13)-0(13) 
1.14(2), Ru(4)-C 2.021(12), Q21)-0(21) 1.17(2), Ru(4)-C(4A) 2.186(13), C(31)-0(31) 1.16(2), 
Ru(4)-C(5A) 2.211(13), C(32)-0(32) 1.15(2), Ru(4)-C(3A) 2.223(13), C(51)-0(51) 1.15(2), Ru(4)-
C(2A) 2.249(12), C(52)-0(52) 1.15(2), Ru(4)-C(1A) 2.287(13), C(53)-0(53)1.11(2), Ru(4)-Ru(5) 
2.814(2), C(61)-0(61) 1.15(2), Ru(4)-Ru(6) 2.8649(14), C(62)-0(62) 1.10(2), Ru(5)-C(51) 1.880(13), 
C(63)-0(63) 1.14(2)Ru(5)-C(52) 1.884(14), Ru(5)-C(53) 1.940(14), Ru(5)-C 2.01 1(12). 
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The two cyclopentadienyl rings donate a total of ten electrons, with each ring 
displaying 15 coordination to two adjacent metal atoms; this edge [Ru(2)-Ru(4)] is also 
bridged by a carbonyl ligand, and is the shortest in the luster framework. There is one 
other bridging CO group, the others being essentially terminal. This structural form 
involving the cis-05 rings is similar to that observed in [Ru6C(CO)12(r 5-05H5)2]. 38 
The R-group of one ring constitutes that of an isopropyl group, the other contains an 
OH group attached to the a-carbon atom. The isopropyl group shows a small degree of 
rotational disorder about the C(lb),C(6b) axis producing two close-lying [ca. 0.5 A 
and equally occupied positions for each methyl group. The Ru-C(ring) distance average 
2.22(2) and 2.23(2) A for the two systems and intra-ring C-C bonds average 1.42(2) A 
for both moieties. The C-C bond spanning the ring and R-group is clearly of single 
character, being 1.53(2) A in both cases. 
The crystal structure of 18 is composed of pairs of molecules related by a centre 
of inversion (figure 3.14). Inter-molecular hydrogen bonding occurs between the 
hydroxyl oxygen atom and the weakly acidic hydrogens attached to the 
cyclopentadienyl group located on Ru(2) [0H(2b) 2.47 Ai. A much shorter intra-
molecular hydrogen bonding occurs between the oxygen of the carbonyl bridging 
Ru(2) and Ru(4) and the hydroxyl hydrogen [O(21)•H(0) 2.04 A]. The latter dipoles 
are aligned anti-parallel such that they may also be instrumental in the molecular pairing 
of 18 in the solid state. 
The proposed mechanism by which 18 is produced from 15 is illustrated in 
Scheme 3.4. The first step may be taken to involve the substitution of two carbonyl 
ligands by the dimethylfulvene ligand (removed as CO2 by Me3NO). This intermediate 
compound, in which the dimethylfulvene ligands are formally coordinated as a diene 
ring [cf. 13] and in a face bonding mode [cf. 14] may resonate, alternately generating 
positive and negative charges at the 6-positions. Insertion of water between the 6—
positions of the two fulvenes followed by 0-H bond cleavage gives 18. 
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Scheme 3.4. Proposed mechanism for the formation of 18. 
3.36 Synthesis and Characterisation of the Triphenyiphosphonium 
Cyclopenradienylide Derivative [Ru6C(CO)1 4 (7-05H4P(C6!-J5)3)] 19•  39-51 
In this section, as part of the continued investigation into the chemistry of 
cluster-coordinated carbocycles, the synthesis and full characterisation of the new 
Zwitter-ionic cluster compound [Ru6C(CO)14 (r 5-05H4P(C6H5)3)1 19 is described. 
Interest in these molecules is three-fold. First, the study of electron transfer reactions 
between a redox-active cluster centre and a closely bound cation. Secondly, the 
elucidation of interactions in the solid state in order to establish a systematic approach 
to the synthesis of crystalline materials with desired redox properties and finally the 
development of the synthetic potential of such systems to macro-molecular cluster 
systems containing redox active, cluster centres. 
The reaction of C5116 with the parent cluster [Ru6C(CO)17] yields only the bis 
-cyclopentadienyl derivative in moderate yield. 38 The utilisation of 
triphenylphosphonium cyclopentadienylide [C5H4P(C6H5)3], (dominent resonant 
forms are given in figure 3.15) gives a direct route to the mono -cyclopentadienyl 
cluster derivative [ Ru6C(CO)14 (rI5-05HIP(C6H5)3)1  which is related to the mono 
-cyclopentadienyl mixed metal cluster [RhRu5C(CO) 14 71 5-05H51.45 Others have 
shown that reaction of triphenylphosphonium cyclopentadienylide with 
[Os3(CO)1o(MeCN)2] gives two products with interesting bonding modes 46 , but as far 
102 
Chapter 3 
as we are aware 1 5  coordination has not been previously observed in .a cluster 
compound. Mono-metal species bound to the triphenyiphosphonium 
cyclopentadienylide ligand display a variety of bonding modes 47-49 and some have 








Figure 3.15: The dominent resonance forms of triphenyiphosphonium cyclopentadienylide 
The oxidative-removal of three carbonyl groups from the parent cluster 
[Ru6C(C0) 17 ] by reaction with three molar equivalents of trimethylamine-N oxide 
(Me 3 NO) in the presence of a slight excess of triphenylphosphonium 
cyclopentadienylide gives [Ru6C(C0)14 115-05H4P(C6H5)31  19 as the only product in 
good yield. After separation by tic on silica plates using CH 2Cl2 (40%)-hexane (55%)-
ethylacetate (5%) as eluent, the deep-red compound was initially characterised on the 
basis of its mass spectrum which exhibited a strong parent peak at 1338 (mlz). 
The infrared spectrum of 19 (in dichloromethane) is consistent with its 
formulation as a Zwitter-ionic compound exhibiting a shift to lower energy of the main 
CO band of Ca. 17 cm- ', compared to the value for [Ru6C(C0)14(1 6-C6H6)] 52 and is 
similar to the anionic cluster [NMe4][HRu6C(C0)16]. 53 The 31P NMR signal shows a 
shift to higher frequency compared to that of the free ylide 54 '55 and the 1 H NMR 
spectrum is consistent with that of comparable cluster-coordinated unsaturated 
carbocycles. Single crystals suitable for X-ray structure determination were grown 
from dichioromethane by slow evaporation at 248K. 
The molecular structure of 19, as determined by single-crystal X-ray 
diffraction, is shown in figure 3.16 together with some key structural parameters. The 
metal framework consists of an octahedral arrangement of six ruthenium atoms with an 
interstitial carbon atom, a feature common to the majority of organo-derivatives of the 
[Ru6C(C0)17] cluster. The interstitial carbon atom is displaced slightly towards Ru(1) 
bonded to the cyclopentadienyl group; a feature previously observed in other similar 
systems. 45 ' 52 Of primary importance is the apically coordinated cyclopentadienyl 
fragment, formally replacing three adjacent terminal CO ligands and thus donating a 
total of six electrons to the cluster core. The five membered ring is planar to within 
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estimated error. Its ceritroid does not lay directly over the Ru(l)-Ru(3)'vector but is 
tilted to one side. This is probably due to a combination of steric interaction of the 
bulky P(C6H5)3 group with CO(52) and CO(53) and intermolecular interactions (vide 
infra). The phosphorus atom occupies a slightly distorted tetrahedral environment and 
is bent Out of the plane of the cyclopentadienyl ring; the C(l)-P vector producing an 
angle of 19.4(6) degrees at its intersection with the plane. The P-C(l) bond length of 
1.793(12) A is consistent with that of a single P-C bond. This is considerably longer 
than that quoted for the free ylide (1.718(2)). 56  The remaining P-C bond lengths are 
within the normal range. The observed Ru-Ru contacts are just within the normal 
range, the longest being Ru(4)-Ru(5) 3.131(2) A and the shortest being Ru(2)-Ru(5) 
2.806(2) A. There are thirteen terminal carbonyl ligands and a bridging carbonyl 








Figure 3.16. The solid state molecular structure of [Ru 6C(CO) 14  1 5-0 5H4P(C 6H 5)3 1 19. Relevant structural parameters (A), Ru(1)-C 1.917(l 1), Ru(1)-C(1) 2.201(l 1), Ru(1)-C(2) 2.158(l 1), Ru(1)-C(3) 
2.190(1 1), Ru(1)-C(4) 2.214(12), Ru(1)-C(5) 2.202(1 1), Ru(3)-C 2.106(l 1), C(1)-C(2) 1.39(2), C(2)-
C(3) 1.42(2), C(3)-C(4) 1.40(2), C(4)-C(5) 1.41(2), C(1)-C(5) 1.43(2), C(1)-P 1.793(12), C(1')-P 
1.801(12), C(7')P 1.805(12), C(13')P 1.752(13), CO av  1.125(1). The hydrogen atoms have been 
removed for clarity. 
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Examination of the molecular packing within the crystal structure of 19 
provides two additional solid-state intermolecular interactions for organo-cluster 
compounds. Figure 3.17 shows two molecular arrangements involving short ion-pair 
contacts of the C-H (p-phenyl)•••O type: A (2.559 A) and B (2.5 10 A). Type A shows 
a 'dipole-dipole' type interaction between two molecules related by an inversion centre. 
Type B shows a uni-thmensional 'nose-to-tail' arrangement. Previously, interactions 
of the type C-H(coordinated arene)• 0 short contacts (the oxygen often being that of a 
pt-CO) and arene ... arene (graphitic) have been found to dictate the; solid state 
orientations of arene-cluster compounds. 57 
Complex 19 is an example of an organo-cluster containing an apically 
coordinated cyclopentadienyl unit. Of significance in this study is the formal description' 
of this compound as aZwitter-ionic complex [ 0Ru6C(CO) 14q-05H4P ®(C6 H5 ) 3 ] . 




3.40 Conclusions and Further Work 
Scheme 3.5 shows the full range of reactions described in this chapter for the synthesis 
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Scheme 3.5. Synthetic routes to compounds 13-19. (i) 2 eq. Me3NO / CH202/ dpf/ 195 K. (ii) 1 eq. 
Me3NO / CH202 / dpf / 195 K. (iii) 3 eq. Me3NO / CH202 / dpf / 195 K. (iv) 3 eq. Me3NO / 
CH202/ dmf/ 195 K. (v) 2.5 eq. Me3NO / CH202/ HCp /195 K. (vi) Reflux in CH202/ MeCN. 
(vii) 2 eq. Me3NO / CH2CL2 / 1.2 eq. 1120 / dmf / 195 K. (viii) 3 eq. Me3NO / CH2C1 2  / 
triphenyiphosphonium cyclopentadienylide / 195 K. 
The coordination characteristics of the fulvenes 6,6-diphenylfulvene (dpf) and 6,6-
dimethylfulvene (drnf) have been investigated with respect to the hexaruthenium cluster 
20. This study has revealed some novel and interesting cluster-ligand bonding, 
particularly in compounds 13, 14, 15, 16 & 17. From the evidence available, it 
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appears that fulvenes with two R-groups in the 6-position prefer coordination to a face 
of the octahedron, whilst fulvenes unsubstituted or mono-substitutued 58 in the 6-
position adopt an edge bridging mode as in 6. 
It is of interest to note that the coordination mode in 13 is not the only  possible 
conformation. A second possible mode may be imagined whereby the cluster is bound 
to one cyclic double bond and the exo-cyclic C=C. It would be of interest to see if this 
alternative conformation could be isolated by means of steric or electronic control of the 
cluster-fulvene bonding. The dmf equivalent of compound 13 was not isolated or 
detected in the course of these experiments, presumably because of its, instability and 
facile conversion to 15. The isolation and characterisation of this compound would be a 
formidable challenge however it may reveal interesting differences in its coordination 
behaviour. 
The conversion of 15 to 16 is a remarkable example of C-H activation. A 
mechanistic study and determination of the eliminated product(s) [be they H2 and CO or 
formaldehyde] would provide valuable information as to the nature of this novel 
transformation. The second product derived from 15 is the bis-cyclopentadienyl 
compound 18. Mechanistically this reaction is complicated and presumably proceeds 
via the addition of a water molecule to the intermediate species 
[Ru6C(CO) 12(t3  ::11 2 :11 3 -0 5H4CMe2)(.L:1I 2 :1 2-05H4CMe2)]. Isolation of this 
intermediate is an attractive goal for two reasons; first, it may be possible to activate 
other small molecules such as 112S, 02,  NH3 etc. in a similar fashion. Secondly, a 
structural determination would show whether the addition of the second fulvene 
molecule affects the coordination of the first, futhermore it may be possible to study 
interconversion and/or fluxionality of the fulvene bonding modes by various NMR 
experiments. 
Extention of this chemistry into bis- and tris-fulvene cluster compounds is also 
appealing. Since the dpf fulvene compounds show the greatest stability, they would 
provide a good starting point for any further reactions. Some further work on these 
compounds has already shown revealed some interesting results. 58 Reaction of 14 
LiPh gives the anionc cluster [Ru6C(C0)14(93:a:1 2 :11 2-05H4CPh3)} in which the Ph 
fragment has attacked the electrophilic C atom in the 6-position. This result points to a 
large degree of synthetic utility for further work in these systems. It has also been 
establised that reaction of 14 with various phosphines gives Zwitterionic compounds of 
the form [Ru6C(CO)14 ( 5-05H4CPh2P(R)3)1. Similar further reactions involving 
nucleophilic attack at the 6-position may also be imagined with Wittig type reagents. 
Reaction of 14 with a further equivalent of trimethylamine-N-oxide gives a product in 
which preliminary investigations indicate that the fulvene acts as an eight electron 
donor. The new compound may been tentatively formulated as 
107 
Chapter 3 
[Ru6C(CO)13(93:cT:Ti 2 :1 2 :1 3-05H4CC6H5Ph)} in which the 2 'extra' electrons are 
provided by a cluster-phenyl interaction. The solid structure of this compound would 
be of interest to compare to eight electron donation in dimetal systems. 15 
Fulvene-cluster bonding has yielded a rich seam of new and fascinating 
organometallic chemistry. In the course of this study, as is often the case, the initial 
simple questions as to stability, coordination modes-etc, have been replaced by many 
more difficult and complex questions concerning mechanism, electronic/steric 
behaviour usw. Further work may indeed provide insight into some of these 




1 	M. P. Gomez-Sal, B. F. G. Johnson, J. Lewis, P. R. Raithby and A. H. Wright, J. Chem. 
Soc., Chem. Comm., 1985, 1682. 
2 	D. Braga, F. Grepioni, E. Parisini, P. J. Dyson, A. J. Blake and B. F. G. Johnson, J. Chem. 
Soc., Dalton Trans., 1993, 2951. 
3 	P. J. Dyson, B. F. G. Johnson, J. Lewis, M. Martinelli, D. Braga, F.Grepioni, J. Am. 
Chem. Soc., 1993, 115, 9062. 
4 	D. Braga, F. Grepioni, P. Sabatino, P. J. Dyson, B. F. G. Johnson, J. Lewis, P. R. 
Raithby and D. Stalke, J. Chem. Soc., Dalton Trans., 1993, 2951. 
5 	D. Braga, F. Grepioni, E. Parisini, P. J. Dyson, B. F. G. Johnson, D. Reed, D. S. 
Shephard, P. J. Bailey and J. Lewis, J. Organomet. Chem., 1993,462, 301. 
6 
	
	A. J. Blake, P. J. Dyson, B. F. G. Johnson, D. Reed and D. S. Shephard, J. Chem. Soc. 
Chem., comm., 1994, 1347. 
7 	B. F. G. Johnson, M. Gallop and Y. V. Roberts, J. Mo!. Catalysis, 1994,86, 51. 
8 B. F. G. Johnson, S. Drake and J. Lewis, J. Chem. Soc., Dalton Trans., 1991, 2447. 
8a 	R. Pearson, Personnal communication. 
9 K. J. Jens, F. Edelmann and U. Behrens, Chem.Ber., 1978, 111, 2895. 
10 	A. Christofides, J. A. K. Howard, J. L. Spencer and F. G. A. Stone, J. Organomet. Chem., 
1982,232, 279. 
11 	J. Altmann and G. Wilkinson, J. Chem. Soc., 1964, 5654. 
12 E. Weiss, R. Merdnyi and W. Hübel, Chem. Ber., 1962,95, 1155. 
13 	E. Weiss and W. HUbel, Chem. Ber., 1962, 95, 1186. 
14 B. Lubke, F. Edelmann and U. Behrens, Chem. Ber., 1982, 115, 1325. 
15 	U. Behrens and E. Weiss, J. Organomet. Chem., 1975, 96, 399. 
16 H.Wadepohl and H. Prit.zkow, Acta Cryst., 1991, C47, 2061. 
17 	U. Behrens and D. Rau, J. Organomet. Chem., 1990, 387, 219. 
18 U. Behrens and F. Edelmann, J. Organomer. Chem., 1977, 134, 31. 
19 	J. A. Bandy, V. S. B. Mtetwa, K. Prout, J. C. Green, C. E. Davies, M. L. H. Green, N. J. 
Hazel, A. Izquierdo and J. J. Martin-Polo, J. Chem. Soc., Dalton Trans., 1985, 2037. 
20 	V. G. Andrianov, Y. T. Siruchkov, V. N. Setkina, V. I. Zdanovich, A'Zh. Zhakaeva and N. 
Kursanov, J. Chem. Soc., Chem. Comm., 1975, 117. 
21 	B. Lubke, F. Edelmann and U. Behrens, Chem. Ber., 1983,116, 11. 
22 R. Drews and U. Behrens, Chem. Ber., 1985, 118, 888. 
23 	0. Kock, F. Edelmann and U. Behrens, Chem. Ber., 1982, 115, 1313. 
24 M. van Meerssche, P. Piret, J. Meunier-Piret and Y.Degrève, Bull. Soc. Chim. 
Belges, 1964, 73, 824. 
25 	U. Behrens and E. Weiss, J. Organomer. Chem., 1975,96, 435. 
26 0. Kock and U. Behrens, Chem. Ber., 1978, 111, 1998. 
27 	S. TOfice, E. T. K. Haupt and U. Behrens, Chem. Ber., 1986, 119, 96. 
28 V. S. B. Mtetwa, K. Prout, M. L. H. Green, N. J. Hazel, A. Izquierdo and J. J. Martin-Polo, 
J. Chem. Soc. Chem. Comm., 1983, 538. 
29 	0. Kock, F. Edelmann and U. Behrens, Chem. Ber., 1982, 115, 1305. 
30 U. Turpeinen, A. Z. Kreindlin,P. V. Petroskii and M. I. Rybinskya, 
J. Organomet. Chem., 1992, 441, 109. 
31 	J. Jeffery, R. J. Mawby, M. B. Hursthouse and N. P. C. Walker, J. Chem. Soc., Chem. 
Comm., 1982, 1411. 
32 	Z. Dauter, L. K. Hansen, R. J. Mawby, E. J. Probitts and C. D. Reynolds, Acta Cryst., 
1985, C41,. 850. 
33 	J. D. Edwards, S. A. R. Knox and F. G. A. Stone, J. Chem. Soc., Dalton Trans., 1976, 
1813. 
34 	U. Behrens, D. Karnatz and E. Weiss, J. Organomet. Chem., 1976, 117, 171. 
35 0. Kock, F. Edelmann, B. Lubke and U. Behrens, Chem. Ber., 1982,115, 3049. 
36 	J. Muller, R. Stock and J. Pickardt, Z. Naturforsch., 1981, 36b, 1219. 
37 Aldrich Library of 1 H NMR Spectra. 
38 	A. J. Blake, P. J. Dyson, R. C. Gash, B. F. G. Johnson and P. Trickey, J. Chem. Soc., 
Dalton Trans., 1994, 1105. 
39 	B.L. Booth & K.G. Smith, J. Organomer. Chem., 1981, 220, 229. 
40 G. Tresoldi, A. Recca, P. Finocchiaro & F. Faraone, Inorg. Chem., 1981, 20, 
3103. 
41 	J. C. Kotz & D. G. Pedrotty, J. Organomet. Chem., 1970, 22, 425. 
IM 
Chapter 3 
42 	D. Cashman & F. J. Lalor, J. Organomet. Chem., 1971, 32, 351. 
43 K. Iwata, S. Yoneda & Z. Yoshida, J. Am. Chem. Soc., 1971, 93, 6745. 
44 	E. W. Abel, A. Singh & G. Wilkinson, Chem. Ind. (London), 1959, 1067. 
45 P. J. Bailey, A. J. Blake, P. J. Dyson, B. F. G. Johnson, J. Lewis & E. Parisini, 
J. Organomer. Chem., 1993, 452, 175. 
46 	A. J. Deeming, N. I. Powell & C. Whittaker, J. Chem. Soc. Dalton Trans., 1991, 1875. 
47 T. Debaerdemaeker, Z. Krisrallogr., 1979, 149, 91. 
48 	C. G. Pierpoint, H. H. Downs, K. Itoh, H. Nishiyama & Y. Ishii, J. Organomet. Chem., 
1977, 124, 93. 
49 	N. C. Baenziger, R. M. Flynn, D. C. Swenson & N. L. Holy, Acia. Cryst., 1978, B34, 
2300. 
50 	N. C. Baenziger, R. M. Flynn, D. C. Swenson & N. L. Holy, Acta. Cryst., 1979, B35, 
741. 
51 	N. C. Baenziger, R. M. Flynn, D. C. Swenson &N. L. Holy,Angew. Chem. mt. Ed. Eng., 
1978, 17, 686. 
52 	B. F. G. Johnson, R. D. Johnson & J. Lewis, J. Chem. Soc., Chem. Comm. 1967, 1057. 
53 C. R. Eady, P. F. Johnson, B. F. G. Johnson, J. Lewis, M. C. Malatesta, M. Partlin & W. 
H. Nelson, I. Chem. Soc. Dalton Trans., 1980, 383. 
54 	0. Kock, F. Edelmann & U. Behrens, Chem.Ber., 1982,115, 1313. 
55 R. Drews & U. Behrens, Chem.Ber., 1984,118, 888. 
56 	H. L. Ammon, G. L. Wheeler & P.H. Watts, J. Am. Chem. Soc., 1973, 95, 6158. 
57 D. Braga, P. J. Dyson, F. Grepioni, B. F. G. Johnson & M. J. Calhorda, Inorg. Chem., 
1994, 33, 3218. 




Novel Behaviour and Reactivity in 1,1 1 - 






The compound [Ru6C(CO)15 [u-Fe(C5H4P (Ph)2)2] 1 22 has been synthesised 
by direct reaction of the parent cluster [Ru6C(CO)17] 20 with ],1'-
bis(diphenylphosphino)ferrocene (dppf) (via an intermediate compound [Ru6C(CO)16 
(Fe(C5H4P(P/i)2)2]] 21) in THF under reflux. The pentanuclear compound 
[Ru5C(CQ)13[u-Fe(C5H4P(Ph)2)2)] 23, is produced from 21 and 22 in harsher 
reaction conditions. An X-ray crystallographic study has been performed  on both 22 
and 23. In 22 the dppf ligand is coordinated in the vicinal form and the cluster core is 
greatly distorted from a regular octahedron. In 23 the vicinal mode is retained but 
coordination is to adjacent basal atoms of the square base pyramid. The 31P NMR 
spectra of 22 and 23 in CD202 at various temperatures indicate a high degree of 
stereochemically non-rigid behaviour. Magnetic susceptibility measurements across a 
range of temperatures indicate that 22 is paramagnetic at all temperatures. An 
electrochemical study of 20, 22, 23, [Ru6C(CO)15 {1u-dppm]] 24 and [Ru5C(CO)15] 
25 has demonstrated a significant degree of communication between the redox-active 
sites in 22 and 23. 
The cobalt analogue of dppf, [bis(diphenylphosphino)cobaltocene (dppc)], has 
also been successfully  synthesised and has been reacted with the clusters [Ru6C(CO)J 71 
20, [Ru5C(CO)15] 25 and [Fe2(CO)9] 26. Two new compounds containing the dppc 
ligand have been isolated and characterised as [Ru5C(CO)13 (/..t-Co(C5H4P(Ph)2)2}1 
27 and [Fe(CO)3 {#-Co(C5H4P(Ph)2)2}]  29. The oxidation product of 27 has also 
been synthesised [Ru5C(CO)13 {4u-Co(C5H4P (Ph)2)2] 1 + [PF6] 28. The EPR spectra 
of both dppc and 27 have been obtained. The magnetic suceptibility of 27 has also 





Metallocenes, in particular ferrocene, possess properties which have led to their 
use as ferromagnets,12a  molecular sensors, 3-5 and as electrochemical agents. 6 In 
particular, the relatively high electron-transfer rates of metallocenes 6a make their 
incorporation into redox-active systems attractive. Clusters have also been shown to 
possess unusual magnetic 7-9b and redox properties 10 which, as far as we are aware, 
have not been put to commercial use. The idea of combining the properties of these two 
sets of fascinating molecules has significant appeal, and this chapter describes the 
synthesis and study of the new cluster compounds [Ru6C(CO)16 {Fe(C5H4P(Ph)2)2}1 
21, [Ru6C(CO)15 {J.L-Fe(C5H4P(Ph)2)2)}  22 and [Ru5C(CO)13 19-





Figure 4.1. The didentate ferrcxene based phosphine ligand (dppf). 
There are many reports in the literature of 1,1'-bis(diphenylphosphino)ferrocene 
[dppf] coordinated to single transition-metals. 11 Some of these heterobimetallic 
complexes show interesting co-operative effects between the two metal sites. However, 
few corresponding cluster derivatives of dppf have been reported to date and those that 
have been are mainly of low nuclearity. 12 An in-depth review of dppf containing 
compounds, comparing structure, synthesis and catalytic properties, can be found in 
"Ferrocenes".12b Reports of paramagnetism in cluster complexes are also relatively 
few, and the phenomenon is poorly understood. 79b A short communication on this 
work has recently been published. 9C 
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4.20 Results and Discussion 
A representation of the reactions involved in the formation of 21, 22 and 23 is 








Scheme 4.1. A representation of the synthetic approach to compounds 21, 22 and 23. (i) THF 1 h 
dppf. (ii) THF 5 h. or Cyclohexane 2 h. (iii) Cyclohexane 8 h. (iv) Cyclohexane 12 h. (v) CO [70atm] 
3.5 h Heptane 388K. (vi) THF RT 1 min dppf. 
4.21 Synthesis and characterisation of [Ru6C(CO)16 {Fe(C5H4P(Ph)2)2)] 21. 
The thermally initiated reaction of dppf with the parent cluster [Ru6C(CO)17] 20 
in refluxing tetrahydrofuran (THF) for a short reaction time yields [Ru6C(CO)16 
{dppf)] 21 as the major product along with a smaller amount of [Ru6C(CO)15 {p-
dppf)] 22. After separation by TLC using CH202-hexane (1:4 v/v) as eluent, dark-
green 22 and red 21 were tentatively identified on the basis of their JR spectra. The JR 
spectrum (VC) of 21 in dichioromethane compared favourably with that of the known 
compound [Ru6C(CO)16PPh3]. 9d Solutions of 21 at room temperature slowly lose CO 
yielding 22. Hence attempts to crystallise 21 from a variety of suitable solvents at low 
temperature gave only crystals of 22 after a period of Ca. two months. Similar 
problems occured in attempts to obtain a clean 1 H NMR spectrum of 21 owing to the 
presence of small amounts of paramagnetic 22, however, multiplets were observed in 
the appropriate regions. Positive ion fast atom bombardment mass spectrometry, an 
analytical tool normally invaluable to the cluster chemist, gave no molecular ion peak or 
any recognisable cluster fragments. Peaks at 554, 571 and 587 m/z were observed for 
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21, 22 and 23 attributable to dppf and the phosphine oxides dppfO and dppf02, 
respectively. Diallylphthallate has been recommended 12 as a suitable matrix for similar 
systems, however, no improvement over the spectra obtained using 3-NOBA was 
observed in this instance. 
4.23 Synthesis and characterisation of[Ru6C(CO)15  {i-Fe(C5H4P(Ph)2)2)] 22. 
Longer reaction times in THF or cyciohexane gave a much improved yield of 
22. Separation of the products by TLC using dichioromethane-hexane as eluent (1:3 
v/v) gave 22 as the major product along with some 21 and a trace of 23. The infra-red 
spectrum of 22 shows a shift to lower energy for the absorptions in the carbonyl region 
when compared to those displayed by the parent cluster 20 and the precursor 21. This 
is indicative of the electron-rich nature of 22. The 1 H NMR spectrum of 22 in CDC13 
showed exceptionally poor resolution of both the phenyl and cyclopentadienyl 
resonances at both room temperature and 223K. This immediately suggested unusual 
behaviour of the new cluster derivative. A 31P NMR spectrum of 22 obtained at 298K 
showed a single, slightly broadened signal at Ca. 8 44 ppm. This may be attributed to 
stereochemically non-rigid behaviour producing equivalence of the two phosphorus 
nuclei on the NMR time scale (vide infra). At 198K, however, the 31P NMR spectrum 
showed two signals at 5 41.07 and 5 52.96 ppm. The high frequency signal was 
significantly broadened, possibly due to the presence of proximal unpaired electrons. 
The two signals observed at low temperature are consistent with the two phosphorus 
environments observed in the solid-state structure of 22. 
A single crystal X-ray analysis of 22 was undertaken to establish the molecular 
structure, and this is shown in figures 4.1a and 4.1b along with selected structural 
parameters. Of striking significance is the distorted Ru6C metal core. Two very long 
Ru-Ru distances [(Ru(1)-Ru(6) 3.171(1) and Ru(4)-Ru(6) 3.450(1) A)] are observed 
and show an 'opening up' of the normally closo octahedron to give a hinged square-
based pyramid. Ru(6) is hinged at the basal metal atoms Ru(2) and Ru(5) and 
supported by P(l) of the bridging dppf ligand. All remaining Ru-Ru bonds are within 
the normal range [Ru(2)-Ru(3) 2.7674(11) to Ru(3)-Ru(5) 2.9142(11)]. The carbido 
carbon atom is displaced from the centroid of the four metals constituting the base of the 
square-based pyramid by 0.217(8) A towards Ru(6). The distorted cluster core is 
surrounded by thirteen terminal carbonyls and two R-COs triangulating the Ru(2)-Ru(3) 
and Ru(3)-Ru(4) vectors. Single crystal X-ray structural determinations have shown 
that no comparable effect occurs in the closo clusters [Ru6C(CO)15 (j.t-dppm)] 13 24 or 





S S_A S...J I 
Figure 4.1a. A representation of the distorted cluster core in the solid-state structure of 22. Selected 
bond lengths [A] and angles [deg.] for 22 with e.s.d's 0. Ru(1)-C 1.996(7), Ru(1)-P(2) 2.391(2), 
Ru(1)-Ru(4)2.8703(10), Ru( 1)-Ru(3) 2.9122(10), Ru(1)-Ru(2) 2.9676(10), Ru(2)-C 2.135(7), Ru(2)-
Ru(3) 2.7674(11), Ru(2)-Ru(6) 2.8145(10), Ru(2)-Ru(5) 2.9712(10), Ru(3)-C 2.204(7), .Ru(3)-Ru(4) 
2.8542(10), Ru(3)-Ru(5) 2.9142(12), Ru(4)-C 2.044(7), Ru(4)-Ru(5) 2.8267(10), Ru(S)-C 2.089(7), 
Ru(5)-Ru(6) 2.8610(11), Ru(6)-C 2.105(7), Ru(6)-P(1) 2.389(2), P(2)-Ru( 1)-Ru(4) 111.67(5), P(2)-
Ru(1)-Ru(3) 164.02(5), Ru(4)-Ru(1)-Ru(3) 59.15(3), P(2)-Ru(1)-Ru(2) 139.65(5), Ru(4)-Ru(1)-Ru(2) 
90.17(3), Ru(3)-Ru(1)-Ru(2) 56.14(2), Ru(3)-Ru(2)-Ru(6) 99.07(3), Ru(3)-Ru(2)-Ru( 1) 60.92(2), 
Ru(6)-Ru(2)-Ru( 1) 66.47(3), Ru(3)-Ru(2)-Ru(5) 60.92(3), Ru(6)-Ru(2)-Ru(5) 59.20(3), Ru(1)-Ru(2)- 
86.69(3), Ru(2)-Ru(3)-Ru(4) 94.69(3), Ru(2)-Ru(3)-Ru( 1) 62.94(3), Ru(4)-Ru(3)-Ru(1) 
59.69(2), Ru(2)-Ru(3)-Ru(5) 63.00(2), Ru(4)-Ru(3)-Ru(5) 58.68(2), Ru( 1)-Ru(3)-Ru(5) 88.80(3), 
Ru(5)-Ru(4)-Ru(3) 61.72(3), Ru(5)-Ru(4)-Ru(1) 91.37(3), Ru(3)-Ru(4)-Ru(1) 61.16(3), Ru(4)-Ru(5)- 
74.71(3), Ru(4)-Ru(5)-Ru(3) 59.60(2), Ru(6)-Ru(5)-Ru(3) 94.67(3), Ru(4)-Ru(5)-Ru(2) 
90.95(3), Ru(6')-Ru(5)-Ru(2) 57.67(2), Ru(3)-Ru(5)-Ru(2) 56.08(3), P(1)-Ru(6)-Ru(2) 170.30(5), P(1)-
Ru(6)-Ru(5) 125.32(5), Ru(2)-Ru(6)-Ru(5) 63.13(3), Ru(1)-C-Ru(4) 90.5(3), Ru(1)-C-Ru(5) 172.7(4), 
Ru(4)-C-Ru(5) 86.3(3), Ru(1)-C-Ru(6) 101.3(3), Ru(4)-C-Ru(6) 112.5(3), Ru(5)-C-Ru(6) 86.0(3), 
Ru( 1)-C-Ru(2) 91.8(3), Ru(4)-C-Ru(2) 161.3(4), Ru(5)-C-Ru(2) 89.4(3), Ru(6)-C-Ru(2) 83.2(3), 


















0(32) 	 0(51) 
Figure 4.1b. The solid-state molecular structure of 22 as determined by X-ray crystallography. The 
hydrogen atoms and phenyl groups have been omitted for clarity. Selected bond lengths [A] and angles 
[deg.] for 22 with e.s.d's 0. P(1)-C(1F) 1.8 11(7), P(1)-C(lP) 1.83 1(7), P(1)-C(7P) 1.841(8), P(2)-
C(13P) 1.806(7),P(2)-C(6F) 1.819(7), P(2)-C(19P) 1.854(8), C(1F)-P(1)-C(1P) 101.1(3), C(IF)-P(1)-
C(7P) 102.4(3), C(IP)-P(1)-C(7P) 104.1(3), C(1F)-P(1)-Ru(6) 117.4(2), C(1 P)-P(1)-Ru(6) 109.4(2), 
C(7P)-P(1 )-Ru(6) 120.1(3), C(1 3P)-P(2)-C(6F) 102.2(3), C( 1 3P)-P(2)-C(1 9P) 99.0(3), C(6F)-P(2)-




The dppf moiety is ligated in the vicinal form, bridging the hinged metal Ru(6) 
and a basal metal Ru(l). Each P atom occupies a slightly distorted tetrahedral 
environment which, due to the bonding mode and rearrangement of the metal core, are 
non-equivalent. The relative orientations of the P atoms with respect to the ferrocene 
moiety show a twist of 73.7 0. The cyclopentadienyl rings are parallel to within 
estimated error, eclipsed to within 2.0 0, and prnduce an average distance of 1.635(4)A 
from their centroids to the iron atom. The crystal structure also contains highly 
disordered dichioromethane solvate molecules occupying channels in the molecular 
lattice. 
4.24 The Magnetic Susceptibility of [Ru6C(CO)15 {p-Fe(C5H4P(Ph)2)2]] 22 
Variable temperature magnetic measurements show 22 to be paramagnetic at all 
temperatures (figure 4.2). The corrected data were fitted to both a Curie and a Curie-
Weiss expression plus a temperature independent paramagnetic (TIP) term. The quality 
of the fit was appreciably better when a small Curie-Weiss constant 0 of -0.50K was 
included, and the corresponding values of the Curie constant C and TIP contributions 
were 0.12 emu K mol -1 and 0.052C, respectively. The value of C corresponds to an 
effective magnetic moment of 0.99(5) Bohr magnetons at high temperatures. It appears 
therefore, that the moment on the ferroc(.-ne/cluster unit is 35% of the moment that 
would arise from a spin triplet state, and that there is a weak antiferromagnetic coupling 
between the units. The ESR spectrum of a solid sample of 22 appears silent at both 
77K and 298K. This is perhaps consistent with the high rate of relaxation that may be 











I] 50 100 150 200 250 300 350 
Temperature (K) 
Figure 4.2. Variation of molar magnetic susceptibility of 22 with temperature. Superimposed on the 
data points is a line of best fit utilising the Curie-Weiss expression. 
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A paramagnetic hexanuclear carbonyl compound has been synthesised by Chini et a! 
(see figure 4.25). 7b Solutions of the Na or [NMe3(CH2Ph)] salts of the trigonal 
prismatic [C06C(CO)15]2  hexanuclear cluster were treated with CO under ambient 
conditions to give a mixture of compounds including the anion [Co(CO)4], CO2(CO)8, 
C04(CO)12, some CO3(C0)9RX (X was not identified), and the new dark brown 
paramagnetic anion [C06C(CO)14]. A second route to this cluster was devised by 
which CO3(C0)9RC1 was treated with two molar equivalents of Na[Co(CO)4] in diethyl 
ether. The  researchers were able to record an ESR spectrum (THF), however, they only 
state a g-value [2.0128] and no cobalt hfs tensor is mentioned. The pararnagnetism of 
the bulk compound was confirmed by Evan's method giving a room temperature 
magnetic moment (Lt eff) of 1.37 BM. The X-ray structure of this 87e hexanuclear 
'octahedral' cluster is very interesting and bears significance to the structure observed 
for 22. The metal framework is a distorted octahedron of idealised molecular symmetry.  
C2. The twelve Co-Co distances may be divided into three sets: one elongated edge 
2.96(1)A, six carbonyl bridged edges of mean length 2.53A and five edges of 
intermediate lengths (mean 2.75A). The authors infer that this structural distortion from 
that of a regular octahedron is a direct consequence of the 'extra' unpaired electron. It is 
unlikely, however, that in solution the cluster core is similarly distorted since one might 
anticipate an averaging effect to take place due to thermal motion. 
I 
Rotation axis 
Figure 4.25. The core structure of C06(CO) 14C.7b 
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4.24 The Electronic Spectra of 20,22 and dppf. 
The UV-vis spectra of metallocenes can be a useful tool to probe subtle changes 
in electronic character of the encapsulated metal atom. The unusual green colour of 22 
immediately suggests an electronic character significantly different to the comparable 
red 24. Electronic spectra and their interpretations for TM carbonyl clusters are 
unfortunately lacking in the literature, despite being highly coloured. This is perhaps 
due to the fact that carbonyl cluster chemistry has emerged from organometallic 
chemistry rather than classical TM coordination chemistry wherein UV-vis analysis and 
interpretation on a crystal field basis (or better) has been thoroughly developed. 
The electronic spectra of 20, 22 and dppf were measured in CH202 solution at 
ambient temperature and the data are presented in table 4.1. 
Table 4.1: Electronic absorption spectral data for 20, dppf, 22. 
Compound A(nm) e (Mcm-1 ) Assignment 
Ru6C(CO)17 20 320(sh)  
417(m) 18,880 MM_MM* 
dppf 249(m) 32,020 MSCT 
439(m) 354 d-d 









600(m) 15,074 ??M..M*lElU?I 
The spectrum for dppf may be interpreted by comparison with that of the parent 
compound ferrocene. 29 As shown in figure 4.3, the ground state electronic 
configuration of dppf may be taken to be (e2 g)4(a'lg)2, the HOMO being predominantly 
of dz2  character. The maximum at 439nm is assignable to the Laporte. forbidden 
transition from the HOMO to LUMO (i.e. alg.+e*1g).  The low absorption coefficient 
is consistent with this. The higher energy maximum at 249nm with a very large 
absorption coefficient (E = 32,020 Mcm 1 ) may be assigned to a metal to solvent charge 
transfer band, and is consistent with the behaviour observed for ferrocene. 29 
FeCp2 + CCLI —* FeCp2 + Cl- + CC13 
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Figure 4.3. A qualitative MO diagram for dppf based on that generally accepted for ferrocene. 29 
However the removal of an electron from this MO, to give dppf+  (cf. ferrocenium ion), 
gives the electronic configuration (a'l g)2(e2g)3 wherein the HOMO is now orbitally 
degenerate and of mainly dxy, dx 2-y2 character (figure 4.35). 
Ferrocenium itself has a remarkable electronic structure. The HOMO has been 
established as the orbitally degenerate e2g3  MO, contrary to ferrocene in which the 
HOMO is the filled a' 1g2 MO. This noteworthy inversion of the HOMO and the 
SHOMO has been determined by Raman, UV-vis (at ambient temperature and low 
temperature), Infrared and EPR measurements.29a The electronic spectrum of Fc+  gives 
a strong absorption at 620nm, and may be assigned as the symmetry allowed transition 
2E2g(el u4  alg2 e2g3) 2Ei u(ei 3  a1g2 e2g4) LMCT. This absorption accounts for the 
strong blue-green colour of ferrocenium salts. Compound 22 may indeed contain such 
a ferrocenium like electronic configuration with the transferred electron occupying an 
anti-bonding skeletal cluster MO, consistent with the structural and magnetic evidence 
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shown above. Green 22, like ferrocenium, shows a strong absorption in this region 
(600nm, E = 5,074 Mcm 1 ) and may be assigned either to a similar symmetry allowed 
"2E2g - 2E L " within the dppf domain or a "cluster to ferrocenium" transition "M-
M*_E1u It. This feature is, however, very broad at ambient temperature and may mask 
a more complex set of electronic transitions available to 22. Hence this evidence 
suggests that the electronic structure of the metallocene unit is significantly altered c.f. 
dppf and is consistent with the description of 22 as a stable structurally mediated CT 
induced triplet state Zwittenon. The orbitally degenerate triplet ground state in 22, in 
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Figure 4.35. A qualitative MO diagram for dppf+.29.29a 
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Further work in this area may do well to include solvatochromic measurements due to 
the polar nature of the compound. Incidentally it was noticed that compound 22 was 
more intensely coloured when adsorbed onto silica. Further information may be derived 
from the electronic spectra if they are obtained at low temperature. Also computer 
software for deconvolution studies may enhance the resolution. The small range of 
compounds studied is insufficient to safely draw many conclusions, hence it would be 
of interest to make and study a wide range of similar compounds. Finally this area 
requires a strong partnership between experiment and theory, and so further elucidation 
of the electronic properties of these cluster-metallocene compounds should be made on 
a more firm theoretical footing. Of late, advances in computer power and software have 
made this a realistic goal. 
4.25 Synthesis and characterisation of [Ru5C(C0)13 (p-Fe(C5H4P(Ph)2)2}] 23 
The synthesis of 23 from 21 represents a remarkable example of redox-centre 
facilitated cluster de-capping. The conversion of the parent carbonyl clusters 
[Ru6C(CO) 1 7} 20 to [Ru5C(CO) 1 5] 25 requires high pressures of CO (80 atm). 18 
Heating 21 in octane at reflux gives the dppf ligated nido-cluster compound 23 in high 
yield. Likewise, 22 can be converted to 23 in comparable yield under similar reaction 
conditions. Separation of the products was achieved by TLC on silica using 
dichloromethane-hexane (2:3 v/v) as eluent. Bright pink 23 was extracted with 
dichioromethane as the major product. A second, more direct route to 23 via the 
unsubstituted nido-cluster [Ru5C(CO)15] 25 gave an improved yield and only one 
product. This short reaction time (ca. 1mm), as compared to substitution reactions of 
the closo-cluster 20, perhaps indicates that the mechanism is an associative one 
involving bridged-butterfly intermediates which subsequently revert to the square-
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Scheme 4.2: Possible mechanistic steps involved in the formation of 23 from 25 and dppf. 
4.26 The 1H and 31P NMR spectra of 23 
The 1 H NMR spectrum of 23 in CD202 showed poor resolution at room 
temperature. On cooling to 218 K line shapes improved greatly, although slight 
broadening was still apparent. These observations are consistent with some kind of 
stereochemical non-rigid behaviour. Similar solution characteristics have been observed 
previously in mono-nuclear compounds containing the dppf ligand. 11 These 
compounds display the geminal coordination mode and hence undergo potentially 
higher energy processes. Conversely, the vicinal form of coordination displayed in 23 
gives greater freedom for non-rigid behaviour. The process is conceivably a 
combination of three modus operandi : (a) Cp ring twisting, which averages to give the 
eclipsed formation; (b) inversion at the phosphorus atoms; (c) libration between axial 
and equatorial sites at the basal ruthenium atoms, involving rotation of the metal's 
ligand sphere. The 31 P NMR spectrum of 23 in C13202 showed a single broadened 
signal at room temperature but on cooling to 218 K the peak collapsed giving two 
signals of equal intensity with similar chemical shifts. The stereochemical requirements 




atoms, as is seen in the solid state structure (vide infra). The low temperature limiting 
spectrum is therefore consistent with the solid state structure.' 
The solid-state molecular structure of 23 is shown in figure 4.36 with selected 
structural parameters. The penta-metallic cluster core is an irregular square base 
pyramid partly encapsulating a 95-C atom. The eight metal-metal contacts lie in the 
range 2.9922(13) to 2.794(2) A, the longest of which [Ru(1)-Ru(4)} is bridged by the 
phosphines of the dppf ligand. The carbido atom is displaced from the mean plane of 
the four metals that constitute the - base of the pyramid by 0.218(12) A, away from the 
apex [Ru(5)]. This geometrical distortion has previously been observed in Ru5C(CO)15 
25, its derivatives and in the analogous iron compound Fe5C(CO)15. IIa it-bonding 
interactions between the outward pointing atomic orbital on the carbon, which has a 
high proportion of p character, and the cluster framework orbitals is thought to be 
responsible for the observed structure through attainment of maximal overlap as shown, 
in figure 4.37. Along with the dppf ligand, thirteen terminal carbonyls make up the 
ligand cage of the nido-cluster. 
The dppf moiety is ligated in the vicinal, form formally replacing two axial 
carbonyls of the known Ru5C(CO)15 cluster. The Ru-P bonds [Ru(1)-P(1) and Ru(4)-
P(2)} appear to be orientated such that they are approximately collinear with the apical to 
basal Ru-Ru contacts [Ru(1)-Ru(5) and Ru(4)-Ru(5)]. The ferrocenyl group occupies a 
position proximal to the base of the cluster. The relative orientations of the P atoms with 
respect to the ferrocene moiety show a twist of 82.4°. The cyclopentadienyl rings are 
parallel to within estimated error, eclipsed to within 9.8° and produce an average 
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Figure 4.36. The solid state molecular structure of 23 as determined by X-ray crystallography with 
inserted projections showing the near eclipsed ferrocene and the distorted metal core. Selected bond 
lengths [A] and angles [deg] for 23 with e.s.d's . Ru(1)-P(1) 2.374(3), Ru(1)-Ru(5) 2.8119(12), 
Ru(1)-Ru(3) 2.8841(14), Ru(1)-Ru(4) 2.9922(13), Ru(2)-Ru(3) 2.7939(13)Ru(2)-Ru(5) 2.826(2), 
Ru(2)-Ru(4) 2.8488(14), Ru(3)-Ru(5) 2.794(2), Ru(4)-P(2) 2.368(3), Ru(4)-Ru(5) 2.7995(13), P(1)-
C(6F) 1.811(13), P(1)-C(13P) 1.836(10), P(1)-C(19P) 1.846(13), P(2)-C(7P) 1.814(14), P(2)-C(1F) 
1.827(11), P(2)-C( 1P) 1.826(13), P(1)-Ru(1)-Ru(5) 157.36(9), Ru(5)-Ru(1)-Ru(4) 57.57(3), Ru(3)-
Ru(1)-Ru(4) 87.90(4), Ru(3)-Ru(2)-Ru(5) 59.62(4), Ru(3)-Ru(2)-Ru(4) 92.58(4), Ru(5)-Ru(2)-Ru(4) 
59.12(3), Ru(2)-Ru(3)-Ru(5) 60.76(4), Ru(2)-Ru(3)-Ru(1) 9 1.36(4), Ru(5)-Ru(3)-Ru(1) 59.34(4), P(2)-
Ru(4)-Ru(5) 167.14(10), Ru(5)-Ru(4)-Ru(2) 60.03(3), Ru(5)-Ru(4)-Ru(1) 57.98(3), Ru(2)-Ru(4)-Ru(1) 
88.11(4), Ru(3)-Ru(5)-Ru(4) 93.65(4), Ru(3)-Ru(5)-Ru(1) 61.93(3), Ru(4)-Ru(5)-Ru( 1) 64.45(3), 
Ru(3)-Ru(5)-Ru(2) 59.62(4), Ru(4)-Ru(5)-Ru(2) 60.85(3), Ru(1)-Ru(5)-Ru(2) 92.22(4), C(6F)-P(1)-
C(1 3P) 101.5(5), C(6F)-P(l)-C(19P) 101.8(6), C(13P)-P(1)-C(19P) 101.2(5), C(6F)-P( l)-Ru(1) 
116.7(4), C(1 3P)-P(l )-Ru(1) 120.7(5),C(19P)-P( 1)-Ru(1) 112.2(4), C(7P)-P(2)-C(1F) 101.6(5), C(7P)-
P(2)-C(1P) 101.9(6), C(1F)-P(2)-C( 1P) 102.8(5), C(7P)-P(2)-Ru(4) 121.8(4), C( 1F)-P(2)-Ru(4) 




Figure 4.37. The Ru5C(CO)15 cluster and the it-type interactions which occur between Ru and C. 
4.27 Electrochemical Investigations of Several Related Cluster Compounds. 
Shifts in the redox potential of the dppf ligand and Ru clusters are of great 
interest and demonstrate, in a complementary fashion, electronic and/or electrostatic 
communication between redox active 'sites. 15  Electrochemical data for compounds 20, 
22, 23, 24 and 25 given in table 4.2. 
Table 4.1. Electrochemical parameters of 3 and 4 and some related complexes. 
* at 223 K. 
The parent cluster [Ru6C(CO)17] 20 exhibits no oxidative process, but a two- 
Compound E112 Fc(0/+I) 6llpc E Ru6C(0/11) pa/lpc 
Fe(C5H4PPh2)2 0.75 0.4 -, - 
20 - - -0.46 0.0 
22 1.15 0.0 -0.65 0.1 
23 1.06 0.0 -1.05 0.1 
24 - - -0.71 0.0 
25 - - 0.63* 0.0 
electron reduction at -0.46 V to yield [Ru6C(CO)16 2 ] which in turn oxidises at +0.45 
V. 16 A re-examination of this reduction at low temperature (223 K) and has shown that 
the two-electron reduction is split into two one-electron steps at -0.36 and -0.69 V. Free 
dppf undergoes a quasi-reversible oxidation at +0.75 V assigned primarily to the 
Fell/Fell couple. Cyclic voltammetry of 22 (figure 4.4) in 0.5 M ['But4N] [BF4] in 
CH202 solution at room temperature reveals an irreversible two-electron reduction at 
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-0.65 V vs. Ag/AgC1 with associated daughter peaks at +0.07 and +0.25 V. This 
reductive process remains a single two electron step at 223K. An irreversible oxidation 
is observed at Ca. +1.15 V. Bulk electrolysis at -0.80 V confirms the reductive process 
as a two-electron step (n = 1.95). By inspection the oxidative process involves one 
electron. 
-C) 	-0.5 	0.0 	0.5 	1.0 	1.5 
/ 
Figure 4.4. A cyclic voltammogram of 22 in 0.5M [NB utn4][BF4]/CH 2 Cl2  solution at room 
temperature. 
Coulometric studies of the oxidative processes in 22 and 23 were hampered 
due to electrode coating at the positive potential. Characterisation the daughter products 
of the reductive process is under way. An examination of the cyclic voltammetry of 24 
shows no oxidative process but an irreversible two electron reductive process at -0.71 
V with an attendant daughter peak at +0.23 V. The cathodic shift of the reduction 
potential displayed in 24 compared to that of the parent cluster 20 can be explained in 
terms of the increased cluster electron density provided by the didentate phosphine 
ligand [dppm]. The existence of only one daughter peak in the return wave of the cyclic 
voltammogram of 24 suggests a different redox mechanism compared to 22. This is 
likely to be due to the different cluster geometries in 22 and 24. The two electron 
reduction of 22, is therefore assigned as primarily cluster based and the oxidation as 
primarily dppf based. 
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The cyclic voltammetry of 23 in 0.5 M [But4N][BF4] in CH202 solution at 
room temperature shows the same dppf based oxidation and a two electron cluster 
reduction at +1.06 Y and -1.05 V with attendant daughter peaks at -0.15 V and -0.21 
V, respectively. The cluster [Ru5C(CO)15] 25 exhibits an irreversible two-electron 
oxidative process at +0.49 V. in accordance with this, theoretical studies have indicated 
that the HOMO for this cluster contains non-bonding electrons with significant 
amplitude over the open face. 16a  The expected two-electron reduction at -0.63 V to 
yield [Ru5C(CO)142-], which oxidises at Ca. -0.20 V on the return wave, can only be 
observed at low temperature (223 K). At ambient temperature the two-electron 
reduction appears to be split into two one-electron steps at Ca. -0.58 and -1.04 V, 
although the peak shapes are poor. These investigations show that the cluster and dppf 
moieties, in 22 and 23, are more difficult to reduce and oxidise than the parent cluster 
or free dppf, respectively. 
The mechanisms of the irreversible reductions of the parent clusters 20 and 25 
are of great interest. The temperature dependency of these electrochemical 
transformations suggests that a. significant degree of cluster core rearrangement occurs 
along with the electron transfer process. Possible mechanisms for the electrochemical 
reduction of both 20 and 25 are given in figures 4.41 and 4.42, respectively. The 
LUMO of both clusters is a metal-metal antibonding cage orbital, thus electron transfer 
into this orbital invokes a lengthening of the metal-metal vectors. This distortion may 
then become localised in the breaking of one or two metal contacts, which depends 
upon the steric constraints of the cluster species. The low temperature reduction of 20 
involves two one electron steps, the first of which, at -0.36V, is reversible. This cluster 
species may be taken to be the ruthenium analogue of the fully characterised 
isoelectronic cobalt cluster [C06C(CO)14] - .7b  The addition of a second electron induces 
yet greater core distortion to give the hinged square-base pyramid which has the 
'correct' structure for the 88 valence electron count. This highly unstable intermediate 
would probably spontaneously eject CO and reform the regular octahedron with a 














Figure 4.41. Possible mechanisms for the electrochemical transformations avaliable to 20. 
The square-base pyramidal geometry of 25 is by comparison a much less rigid 
structure, and this is reflected in its electrochemistry, by way of broad line shapes at 
ambient temperature. The electrochemical characteristics of cluster compounds are 
dominated by the geometry of the metal skeleton, reversible electron transfers therefore 
involve electrons in MOs that are not directly involved in cluster bonding, or if so 
induce negligible structural change. It is difficult to explain, however, why the 
observed temperature dependent electrochemical behaviour is the reverse of 20. The 
addition of two electrons from a suitable donor to 25 has been shown give a carbon 
centred 76e - bridged-butterfly species; this transformation being accompanied by the 
breaking of a single metal-metal contact. By analogy, it is reasonable to assume that the 
low-temperature reduction follows a similar pathway forming the 76e bridged butterfly 
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[very unstable structure] 
Figure 4.42. Possible mechanisms for the reductive electrochemical transformations avaliable to 25. 
These results suggest that there is significant interaction between the ferrocene 
and the cluster cage frontier orbitals in 22 and 23. The magnetic properties and the 
larger anodic electrochemical shift of the ferrocenyl centre in 22 show an appreciably 
stronger interaction than that in 23. We propose the HOMO in 22 to be primarily 
ferrocene based but with significant cage character which results in its increased 
reluctance to undergo oxidation. Concomitantly, the LUMO is primarily cage based but 
with a significant ferrocene admixture. Increased electron density at the cluster leads to 
the structural deformation observed in the solid-state structure of 22. This is perhaps a 






Figure 4.5. A representation of two intramolecular redox states of 22 and their facile interconversion. 
When we finally put together the pieces of experimental evidence for this fascinating 
group of molecules the picture is a complex one. The solid-state structure of 22 may be 
considered to be a 'snap-shot' of a highly stereochemically non-rigid molecule (figure 
4.5). One may postulate the existence of many structural permutations of the molecule 
all of similar global energy. Solution analyses have shown that the rate of these 
structural interconversions is temperature dependent. One might anticipate that the 
degree of itinerant electronic behaviour and consequent structural distortion is 
dependent upon the molecular environment; viz, polar media would favour the charge 
separated species and vice versa. It would therefore be of interest to measure the 
magnetic susceptibility of 22 and 23 in a highly polar host compound. 
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4.30 Further work. 
It would an attractive idea to begin a thorough investigation into a wide variety 
of systems designed to produce similar interactions between clusters and proximal 
redox-active centres (see figure 4.6). The study of itinerant electronic behaviour in these 
systems is an attractive goal, and it is reasonable to expect novel characteristics and 






Figure 4.6. A schematic representation of structurally mediated intramolecular redox behaviour. 
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4.40 Some Coordination Chemistry of the Didentate Ligand 1,1'-
Bis(diphenylphosphino)cobaltocene [dppc]. 
4.41 Introduction 
The didentate ligand 1 ,1'-bis(diphenylphosphino)cobaltocene (dppc) is a very 
interesting system. It is similar to the well-known ligand 1,1'-
bis(diphenylphosphino)ferrocene (dppf)' 9 with the added. feature of being a 
paramagnetic 19-electron species. Air- and water sensitivity are a result of this property, 
and these features coupled with a complex oxidation behaviour make dppc a hardly 
investigated compound. 20'212 
There are two methods described in the literature for the synthesis of dppc and 
for the oxidised 1, 1'-bis(diphenylphosphino)cobaltocenium hexafluorophosphate 
(dppc+) ligand. Rudie et al. 20  published the synthesis for dppc+ in 1978 and compared 
it to the isoelectronic dppf. They reacted sodium cyclopentadienide with 
chlorodiphenylphosphine to yield diphenylphosphino-cyclopentadiene from which they 
abstracted one hydrogen with n-butyl lithium. Cobalt chloride was added and dppc 
formed, but the synthesis did not stop here. Instead, an oxidation using oxygen and 
acetic acid was performed, yielding 20% dppc+. Several chromium, molybdenum and 
tungsten carbonyls as well as copper and cobalt halide complexes were reacted with 
dppf and dppc+ and the products were investigated using JR and UV spectroscopy. 
DuBois et al. 21  (1986) used thallium ethoxide instead of n-butyl lithium to 
abstract hydrogen from the substituted cyclopentadiene and altered some conditions of 
the synthesis. They isolated dppc and dppc+ and used both for further experiments. X-
ray structures together with MO calculations and syntheses of Mo carbonyl adducts 
were reported. The solid-state molecular structure of dppc consists of a Co(II) ion co-
ordinated by two inversion related i 5-05H4P(C6H5)2 ligands. The substituted 
cyclopentadienyl rings deviate slightly from planarity. This group also tried in vain to 
record an EPR spectrum of dppc. 
A recent publication by Wrighton et a1? (1994) reports the possibility of tuning 
the redox potential, reactivity, and CO-stretches in the JR spectrum of several rhenium 
carbonyl complexes where dppc has replaced two carbonyl ligands (figure 4.7). The 
properties of these molecules change noticeably when the oxidation state of the ligand is 
altered, for instance the rate at which the CO ligands undergo nucleoplilic attack.. 
Kinetic studies and X-ray structure determinations were also reported, but no new 
synthetic route to the title ligand was employed. The almost identical structure of dppc 
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in the different oxidation states when attached to rhenium centre made it possible to 
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Figure 4.7. Control of metal carbonyl electrophilicity through the use of dppc. 23 
Ruthenium clusters, especially Ru 6C(CO) 17 20, react readily with phosphiñe 
ligands in substitution of carbonyls as exemplified in the previous sections of this 
chapter. Several papers using X-ray structure determinations and NMR studies at 
different temperatures (to show stereochemically non-rigid behaviour) have been 
published in this field. 23  There are two possible co-ordination modes for a didentate 
phosphine to a TM cluster, these are either a chelating mode to one ruthenium centre 
(geminal) or a bridging mode along a Ru-Ru edge (vicinal). The latter mode has been 
shown to be favoured in the bonding of dppf to the clusters 20 and 25. 
To date it appears that, after extensive searching in the literature, no metal 
cluster with dppc attached to it has been synthesised. Therefore we set out to synthesise 
ruthenium and other metal clusters containing dppc as a ligand. An analogous 
compound with dppf on a hexanuclear ruthenium cluster, Ru6C(CO) 15 4t-
Fe((C5}j4)PPh2)2 } 22, has just been described , 24 but the paramagnetic properties and 
the EPR-active nucleus 59  Co made the replacement of iron by cobalt an interesting idea. 
Various ruthenium cluster adducts have been successfully synthesised, but a 
single crystal for X-ray diffraction has not be obtained from any of them. The 
pentaruthenium carbido cluster Ru 5C(CO) 15  25 yielded a single product 27 with dppc; 
however, in most other cases, mixtures of products resulted and separation of those 
paramagnetic substances proved to be very difficult with exclusion of air. 
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4.42 Results and Discussion 
4.43 Synthesis of the Didenrare Ligands 1,1 '-Bis(diphenylphosphino)cobaltocene 









Dppc was synthesised by nucleophilic addition of cyclopentadienide rings to 
chiorodiphenyiphospine with concomitant elimination of the halide salt, deprotonating 
them a second time, and then reacting the rings in a metathesis type. reaction with cobalt 
chloride: 
DME C5H5 + Na 	-, NaCH5.DME + 0.5 H2 (1) 
	
NaC5H5•DME + C1PPh2 	 , C5H5PPh2 + NaC1 (.L) + DME 
C 5H4PPh2 + n-BuLi 	- C5HPPh2 Li + n-Bu (1') 
2 C5H4PPh2 Li + CoC12 	-* Co(C5H4PPh2)2 + 2 LiC1 () 
dppc 
Oxidation was achieved either with air (oxygen) or ferrocenium tetrafluoroborate; the 
yields being low in both cases. The first reaction is especially complex and it is believed 
that a dimer of dppc with the phosphorus atoms bridged by the diradical 02 could be the 
first step in this one electron oxidation. However, a rich variety of by-products are 
imaginable, phosphine oxides being the most important ones. Decomposition was 
reduced however by working at low temperature. 
2 Co(C5H4PPh2)2 + 2 CH3COOH + 02+2 N144PF6 
— water, THF_____ 
2 C0(C5H4Pph2)214 PF6 + H20 + 2NH4 CH3C00 
dppc+ 
or 
Co(C5H4PPh2)2 + Fe(C5H5)21BF4 + NH4PF6— ThF* 




Elemental analysis of the crystallised neutral ligand was in good agreement with 
the calculated data. Analysis calculated for Co[C 5H4P(C 6H 5 ) 2]2 = C34H28 CoP2 : C, 
73.2%; H, 5.06%. Found: C, 73.2%; H, 4.80%; N, 0%. Nuclear magnetic resonance 
spectra of paramagnetic substances such as dppc are not usually much help because 
they give very broad signals. Therefore, the oxidised and diamagnetic ligand dppc+ 
was used to record NMR spectra. The 'H-spectrum was used to compare it with the 
chemical shifts given in the literature. DuBois et al. 
22  gave 8 5.36 (t), 5.68 (t, 
cyclopentadienyl), 7.42 (br s, Ph) ppm in CD 3CN; which are in good agreement with 
the following shifts recorded in CDC1 3 (250 MHz, 298 K): 8 5.36 (m), 5.76 (m), 7.43 
(br m) ppm. 
The 31 P-spectrum was recorded to ensure that only one product was isolated, 
for this DuBois et al.3 gave a single signal in CD 3CN at 8 -23.09 ppm. Consistent with 
this, a signal was observed with the highest intensity at ö -21.82, along with three 
much smaller peaks at ö 23.62, 30.07, and 33.59 ppm (CDC1 3 , 101 MHz, 298 K). 
Those impurities are believed to come from phosphine oxides that could not be 
prevented in the oxidation step. dppc+ is a yellow powder that is moderately stable 
when dry and cooled to -18 °C, but which decomposes rapidly even in dry solvents to 
form a black mud'. Elemental analysis of the oxidised ligand also proved to be in good 
agreement with the calculated data. Analysis calculated for Co[C 5H4P(C6H5)2 ] 21PF6 = 
C34H28CoF6P3 : C, 58.13%; H, 4.02%. : C, 57.77%; H, 3.82%; N, 0%. A positive fast 
atom bombardment (+FAB) mass spectrum of the oxidised ligand was recorded. Apart 
from some breakdown peaks in the region m/z 130 to 190, the most intense peaks were 
found at mlz 558 (73.8%) and 574 (73.3%). The former reflects the molecular ion peak 
of Co(C5H4PPh2)21 with M = 557.49 g mof', the latter a phosphine oxide where one 
of the phosphorus atoms is bound to an oxygen atom with M = 573.49 g moF'. The 
mass spectrum adds weight to the breakdown pathway for the oxidised ligand, as 
already suspected from the 31 P-NMR-spectrum (see above). 
1,1 '-Bis(diphenylphosphino)cobaltocenium hexafluorophosphate (dppc+) was 
not used in any reaction with metal clusters, although it was sometimes formed in situ 
during the reaction. The better stability of the neutral ligand (dppc) together with its 
added feature of being paramagnetic made it the ligand of choice. 
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4.44. Reactions with the Hexaruthenium Carbido Cluster Ru 6C(CO)17  
[Ru6C(CO) 17] 20 was mixed with dppc in THF stirred at RT and the reaction was 
monitored by JR. Because the characteristic absorption in the carbonyl region 
(v 0=1977 cm 1 ) of the cluster anion Ru6C(CO)161 2 was observed, the following 
reaction is believed to have taken place: 
Ru6C(CO) 17 +2 Co11[C5H4P(C6H5)212 	- CO 
Ru6C(CO) 162 + 2Co[C5H4P(C6H5)2}2 
The hexaruthenium carbide dianion [Ru 6C(CO) 16] 2  was then oxidised by addition of 
ferrocenium tetrafluoroborate in order to provide a neutral cluster that the nascent dppc+ 
could attack (cf the synthesis of 22). 
Ru6C(CO) 162 + C0[C5H4P(C6H5)2]2 + 2 FeCp 2 BF4 
Ru6C(CO)15{Com[C51-14P(C6H5)2}2) +2 BF 4 +2 FeCp2 + CO 
The products were separated by means of column and thin layer chromatography. For 
each band, an infra-red spectrum was recorded and the data from these are collected in 
Table 4.3 for comparison. 
Table 43: Infra-red spectra of Ru 6C(CO)17 derivatives from the reaction with dppc. 
species V1 / CM-1 V2 / CM-1 V3 / Cm-1 V4 / CM-1 V5 / cm V6 / cm V7 / cm 
Ru6C(CO) 17 20 2101 (w) 2067 (s) 2047 (vs) 2002 (w) 1834 (w)  
Ru6C(CO) 1612  1977(s)  
mixture before 2068 (m) 2046 (s) 2022 (m) 2002 (m) 1977 (vs) 1916 (sh) 1775 (w) 
oxidation  
(B 1) acetone- 2065 (m) 2032(s) 2008 (vs) 1999 (sh) 1985 (sh) 1952 (w) 1927 
sol.  (VW) 
acetone- 2079(s) 2046(s) 2033 (vs) 2008 (s) 2001 (sh) 1976 
sol. 28  (w, sh)  
acetone- 2039 (sh) 2013 2006 (sh) 1995 (sh) 1978 (sh) 
sol. (s) _______ _______ 
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The second product to be isolated (B2) was initially characterised on the basis of it's JR 
and +FAB mass spectra. The JR spectrum in the vco region closely resembles those for 
23 and 27, but is shifted slightly toward higher wave number. Due to the poor 
solubility of this compound in the FAB+ matrix (3-NOBA), some acetonitrile had tobe 
added. 107 scans were necessary to obtain a still noisy spectrum. However, a 
molecular ion peak could be assigned at m/z = 1437 (64%) which corresponds to 
Ru5C(CO)13(dppc) 28 (M = 1438 g mol 1 ). This evidence together with the JR 
spectrum suggests that the Ru6C(CO)17 cluster has de-capped similarly to the thermally 
induced conversion of 22 to 23 (vide supra). An improved synthesis of 28 is given 
later. The first and second products (B 1 and 133) showed no identifiable peaks in their 
+FAB mass spectra and no further attempt was made to characterise them. 
4.45 31P VTNMR spectra of 28 
The 31P NIMR spectrum of 28 in CDC13 at ambient temperature gave a single 
line at Ca. S 25 ppm. Since it is unlikely that the P atoms could occupy equivalent 
positions (Cf. 23), 3  1 NMR spectra of 28 in CD2C12 were recorded over a range of 
temperatures to show any fluxionality in the system. For very slow exchange, both 
phosphorus atoms have two distinct resonances since they are not in identical 
environments. If the exchange rate increases, then by the Heisenberg Uncertainty 
Principle the width of the. two resonances must increase, with half width inversely 
proportional to the lifetimes. At still faster rates, the lines broaden further, then 
coalesce, and then the line sharpens to give a single resonance. 26  At the coalescence 
temperature T the rate constant lc,  which is reciprocal to the lifetime t, is given by: 
kc = l/t = icE,vhI2 
and the activation energy can be calculated using the relationship: 
LG C =RTcln[kB Ta/h k} 




The 31P VTNMR spectrum of 28 gave a series of spectra that could be interpreted as 
explained above (see figure 4.8). The coalescence temperature is 243 K, and Av = 328 
Hz, k,, 729.31 s 1 , giving an activation energy or fluxional barrier of LGc = 45.78 
Id mol'. The vicinal form of coordination displayed in 28 gives greater freedom for 
non-rigid behaviour as compared to the geminal mode. The process is by analogy with 
the isoelectronic 23 a combination of three modus operandi (a) Cp ring twisting, 
which averages to give the eclipsed formation; (b) inversion at the phosphorus atoms; 
(c) libration between axial and equatorial sites at the basal ruthenium atoms, involving 
rotation of the metal's ligand sphere. If the temperature is-high-enough (> 243 K), 
rotation occurs and the phosphorus atoms become equivalent on the NMR timescale. 
Because the stereochemically non-rigid behaviour in this molecule is very similar to that 
observed in 23, it is believed that the ligand dppc is bound to the cluster in an identical 





30 	 14 	 32 	 30 	 2? 	 25 	 2' 	 22 	 20 	 16 	 8 / ppm 
Figure 4.8: 31 P-NMR-spectrum of 28 in CD202 at various temperatures, 145 MHz 
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The electrochemical potentials of the following reactions, measured versus Ag/AgCI 
are: 
Co"[C5H4P(C6H5)2]2 	) Co ... [C5H4P(C6H5 ) 2J 2] 	E = -0.56 V (in CH3CN)22 
Ru6C(CO) 17 ____ - Co 	Ru6C(CO) 1612 E = -0.46 V (in CH2C12) 
Ru5C(CO)15 	
-Co 	Ru5C(CO) 1412 E = -0.63 V (in CH2C12, at -50 oc)!! 
One electron reductions are not stable for either of the ruthenium clusters at ambient 
temperature. Comparing the first and second potential given above, it is clear why the 
hexaruthenium carbido cluster was reduced by 1,1 '-bis(diphenylphosphino)cobaltocene 
(dppc). In order to avoid such a reaction, the pentaruthenium carbido cluster was 
chosen as the next reaction partner. 
4.46 Reaction of dppc with the Cluster Ru 5C(CO)15: Ru5C(CO) 139-
(Co[C5H4P(C6H5)2]7) 27. 
This reaction took place at ambient temperature simply by stirring the reactants in THF 
over several days. In table 4.4, the infra-red absorption frequencies show that the 
parent cluster Ru 5C(CO) 15 is rapidly consumed and a product is formed. After 48 
hours, the reaction was complete and the JR spectrum was very similar to that of 
Ru 5C(CO) 13 (dppf) 23 in the VCO  region (vide supra). JR indicated complete 
consumption of starting material and that no discernible further reaction was occuring; 
apparently only one product was formed. In analogy to the dppf experiment, the 
following reaction is believed to have taken place: 
Ru5C(CO) 15 + Co[C5H4P(C6H5)2]2 _-2 Co 	Ru5C(CO)13{Co[C5H4P(C6H5)2]2} 
25 	 dppc 	 27 
The compounds 23 and 27 are believed to be isostructural. The most important 
distinction between the JR spectra of 23 and 27 is the absorption band around 2000 
cm'; 27 gives a strong and broad band, whereas 23 only gives a medium intensity 
band. This is thought to be attributable to a much larger donor effect of dppc compared 
to dppf. Scheme 4.3 gives the proposed reaction mechanism for the formation of 27 in 
which Zwitterionic radicals may exist in equilibrium with the normal radical species. 
This could mean that two distinct forms exist, for each intermediate, which are 
separated by a potential energy barrier. Favourable energetic wells for the Zwitterions 
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could be the reason why this reaction took 48 hours for completion whereas 22 was 
formed in a very much shorter reaction time. 
Another way to look at the forms with the electron in different places is to think 
of them as mesomeric structures. That would mean that the real situation is somewhere 
in-between, hence neither of the two structures drawn would exist independently. But if 
the contribution of the Zwitterionic species would be big, a negative charge on the 
cluster would make the nucleophilic attack of the second phosphorus atom less 
attractive. Both arguments hold to explain the observations, but a kinetic study should 
be employed to find out which is the better explanation. 
Table 43: Infra-red data of Ru 5C(C0) 15 and dppc-adducts compared with dppf-adduct 
species V1 / CM -1 V2 / CM-1 V3/Cm-1 V4/Cm-1 V5/CM-1  V6 / cm 1  V7/CM-1  
Ru5C(CO) 15 2104 (w) 2068 (vs) 2034 (s) 2018 (m) 1967 (vw)  
Ru5C(CO) 15 + 2068 (m) 2044(s) 2022 (m) 2012 (sh) 1973(s) 1964(s) 1738 (w) 
dppc (5 mins.)  
Ru5C(CO) 15 + 2070 (m) 2056 (m) 2045 (s) 2023(s) 2012 (sh) 1976 (m) 1964 (m) 
dppc (2 hours)  
Ru5C(CO) 15 + 2071(s) 2059 (s) 2036(s) 2023 (vs) 1998 
dppc (21 h)  (s, br)  
Ru5C(CO) 13 Q9- 2071 (m) 2056 (m) 2035(s) 2023 (vs) 1999 
dppc) (27) 48h  (s, br)  
Ru5C(CO) 13 (9- 2079 (m) 2060 (sh) 2046(s) 2033 (vs) 2007 2000 
dppc) 	(28)  (s, br) (s, br)  
Ru5C(CO) 13 (9- 2072 (m) 2055 (w) 2037(s) 2024 (vs) 2002 (m) 
dppf) (23) 












Scheme 4.3: A possible mechanism for the reaction of the pentaruthenium carbido cluster Ru 5C(CO) 15 
with 1,1'-bis(diphenylphosphjno)cobaltocene (dppc). Zwitterionic equilibria are written for all 





An NMR spectrum was recorded for the oxidised product Ru 5C(CO) 13(p.-dppc).PF6 
(28). 'H NMR in (CD 3)2C0 at 298 K and 200 MHz gave ö = 7.70 (br., m, 20H),.6.10 
(br., m, 2H), 5.92 (br., m, 2H), 5.74 (br., m, 2H) and 5.66 (br., m, 2H) ppm. 
Elemental analysis gave calc. for (27) Ru5C(CO)13{Co[C5H4P(C6H5)2]2) = 
C48H28CoO 13P2R115 : C, 40.06%; H, 1.97%. Found: C, 40.13%; H, 1.90%; N, 0%. A 
+FAB mass spectrum showed the molecular ion peak corresponding to 
Ru5C(CO)13(Co[C5H4P(C6H5)2]2) with M = 1438.98 g mof' around m/z 1440. The 
resolution of this spectrum was poor but peaks corresponding to the elimination of up 
to 7 CO molecules could be recognised around m/z 1413, 1383, 1357, 1328, 1302, 
1272, 1246. Due to the numerous ruthenium isotopes, no sharp peaks could be 
detected. As an additional feature, the molecular ion peak of the ligand dppc could be 
identified. 
4.47 The EPR Spectra of dppc and Ru 5C(CO) 13 u-(Co[C5H4P(C,H5)2]2} 27 
Electron Paramagnetic Resonance is a useful tool in measuring the interaction of an 
unpaired electron with EPR-active nuclei. 59  Co, with 100% natural abundance, is a 
nucleus with spin I = 7/2 and thus gives eight lines in an EPR spectrum. Several useful 
applications of EPR spectroscopy on paramagnetic, organometallic cobalt compounds 
have been reported. 29 






27, frozen solution 
gain 3x104 3.2x104 2x105 
time constant 2s 500 ms 500 ms 
frequency 9.35 GHz 9.35 GHz 9.35 GHz 
centre field 3300G 3300G 3300G 
sweep width 3000 G 3000 G 1500 G 
temperature 77 K 77 K 77 K 
solvent none THF THF/hexane 
modulation 6.3 6.3 20.0 
g-value 1.83579, 1.96600 1.99983 2.01544 
a(59Co) not observable 148.62 G 146.69 G 
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Figure. 4.10: The EPR spectrum of dppc, powder under nitrogen at 77 K, 3000 G sweep width 
Figure. 4.11: The EPR spectrum of dppc, frozen solution in TifF at 77 K, 3000 G sweep width 
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Figure 4.12: The EPR spectrum of 27 in THF/hexane at 77 K, sweep width 15000 
Both a powder of pure dppc and a frozen glass solution in THF were used to record 
spectra at 77 K which are presented in figures 4.10 and 4.11, respectively. Table 4.5 
contains the collection parameters and calculated hyperfine coupling constants for both 
dppc and 27. The powder spectrum of dppc at 77K resembles a d 9 metal centre with 
axial symmetry, although the g-values make assignment and hence determination of the 
ground state configuration ambiguous. We would expect, however, that the unpaired 
electron occupies the degenerate e* ig orbital of predominently covalent character ( d,, 
dyz = 58%, Cp = 42%) by analogy with the ground state configuration of CoCp2. 30 A 
molecular orbital diagram for dppc is given in figure 4.13. The frozen solution EPR 
first derivative spectrum of dppc was recorded using a strong solution in THE This 
spectrum consists of eight broad lines attributable to hyperfine coupling of the unpaired 
electron with the cobalt nucleus of spin 7/2. DuBois et al. did not observe any signal 
using a 10-3 mol (IM-3  solution in toluene at room temperature. 2 ' Only at lower 
temperatures is it possible to "freeze in" the rapid relaxation of the unpaired electron, 
hence we used liquid nitrogen (77 K) as coolant. It is not clear why a strong solution in 
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Figure 4.13. A qualitative MO diagram for dppct 30 
An electron paramagnetic resonance spectrum of 27 was recorded to compare it 
with the ligand spectra (see table 4.5 for the relevant data and figure 4.12 for the EPR 
spectrum of 27). The product is clearly paramagnetic and the spectrum slightly different 
from that obtained for dppc. Since a weaker solution was used, the gain had to be 
increased and the signal is superimposed on the baseline of the dewar used to cool the 
sample, hence the unusual 'U' shape. It is not straight forward to interpret because 
there appears to be a phase change in the centre of the spectrum. However a g-value and 
the hyperfine coupling constant a( 59  Co) could be determined and are also given in table 
4.5. There is a significant decrease of a( 59Co) when compared to the title ligand, 
indicating that the unpaired electron is spending less time on the cobaltocene system. A 
transfer of electron density to the cluster must therefore have occurred, giving more 
weight to the proposed Zwitterionic equilibria. 
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4.45 Magnetic susceptibility of Ru5C(C0)13 p-(Co[C5H4P(C6H5)2]2]  27 
Magnetic susceptibility measurements showed that 27 is at least paramagnetic at all 
temperatures between 1.8 and 300 K. The data points above 250 K were neglected 
because of poor fit (see figure 4.14). Further measurements should be performed for a 
more comprehensive study, but some trends can be given already. Paramagnetism alone 
is not enough to explain the results. Would 27 be only paramagnetic, then the plot of 
reciprocal x versus temperature would be a straight line. falls too fast, however, and 
the Curie equation: 
X=CTr 
had to be replaced by the Curie-Weiss equation: 
in order to fit the data points. (T = temperature, E) = Curie or Née! temperature.) 
The constant C is given by 
C = NA g2 9B2 S(S+1)/ 3kB 
with NA = Avogadro's number, g = Landé factor, LB = Bohr magneton, S = spin 
quantum number (one half of the number of unpaired electrons per radical), and kB = 
Boltzmann's constant. 0 can be determined from the 1/X =0 intercept obtained in the 
linear extrapolation of the plot of 1/X versus T at high temperature. If 0 <0 as in this 
case, antiferromagnetic coupling occurs and 8 is termed the Néel temperature. 
The effective magnetic moment is given by 
J-eff = 	kB T I NA 
and plotted in figure 4.15 versus T. 28p. ff is usually given in units of 9B  with 

















Figure 4.14: Variation of molar magnetic susceptibility, X  of 27 with temperature. Superimposed on 
the data points is a line of best fit utilising the Curie-Weiss expression. The other set of data points 
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For dppc, a value of P.eff=  1.73 J.La = 2.02 x 10.29  V s m was reported 
22 - and that is 
approximately the normal spin only value.' If one extrapolates the plot in figure 4.15 to. 
room temperature, a value of about = 4.5 9B = 5.24 x 10.29  Vsm can be deduced. 
This an extremely high magnetic moment, greater than that even in orbitally degenerate 
systems, and may result from an intermolecular spin-spin interaction. I would like to 
recommend that further investigations into these very interesting magnetic properties of 
27 should be carried out in the future. 
4.50 Reaction with the Fe 2(C0)9 : 
Fe(CO)3(Co[C5H4P(C6H5)2]2} 
 29. 
Fe2(CO) 9 was allowed to react with dppc. The reaction was carried out in toluene, at 
room temperature. Apart from infra-red (see table 4.6) and +FAB mass spectroscopy, 
no characterisation of the reaction mixture was undertaken due to lack of time. The di-
iron cluster is believed to have formed a single product with dppc, with concomitant 
emmission of Fe(CO) 5 and CO: 
Fe2(CO)9 + Co[C5H.4P(C6H5)2]2 - toluene 	cis-(dppc)Fe(CO)3 + Fe(CO) 5 + CO (1) 
Table 4.6: JR absorptions in the vco region of Fe2(CO)9 and it's adduct with dppc (29). 
species V1 / CM-1  V2 / CM-1  V3 / cm' V4 / cm V5 / CM-1 V6 / cm' 
Fe2(CO)9 2056 (rn) 2021 (s) 1995 (s) 1816 (w) 
Fe(CO) 3dppc 29 2045(s) 1998 (w) 1972 (m) 1937 (vs) 1931 (vs) 1885(w) 
The infra-red spectrum shows three very strong bands, in the CO stretching region, 
therefore the bidentate title ligand is most probably bound in an axial-equatorial 
conformation, thus giving a distorted C,-symmetry. The trans-isomer seems to be 
stereochemically unlikely and would only give rise to one band. 29  Furthermore, the 
infra-red spectra of cis-(o-di-AsR 2-C6H4)-Fe(CO) 3 and derivatives of the type 
(diphos)Fe(CO)331 look very similar. The structures of the two compared compounds 
















Figure 4.16: The proposed structure of Fe(CO)3dppc along side the established structure of Fe(CO) 3 (t-
1 ,2-C6H4(AsPh2)2). 
With this compound being extremely air-sensitive, a further investigation will require 
great care, infact the best approach for further characterisation (especially X-ray 
structure determination) would be through the isolation of the cationic oxidation 
product. However, EPR and Mossbauer spectra, as well as magnetic susceptibility 
measurements, could reveal interesting behaviour. It is of interest to note that similar 
systems based on the dppf ligand have been used to great effect in the catalytic 
synthesis of carbamates from carbon dioxide, amines and alkynes according to the 
equation given below. 31 
HCCRt + R2NH + CO2 -4 H2C=C(R')OC(=O)NR2 
4.60 Conclusions and Further Work 
The ligand dppc has shown promising synthetic utility in transition metal carbonyl 
chemistry. Some products show very interesting behaviour, especially the EPR spectra 
and magnetic susceptibility measurements of 27. A most interesting new field of work 
has been opened, however, the extreme air- and water-sensitivity of almost all 
compounds investigated made them difficult to handle, and sometimes breakdown was 
inevitable. Further work could initially involve a closer examination of the ligand 
system dppc and dppc+. Certainly a structure determination of dppc+ together with 
magnetic measurements, cyclic voltammetry, and a high resolution EPR spectra 
(ENDOR) of dppc are desirable. The reaction mechanisms, especially that of the 
reaction with the pentaruthenium carbido cluster to form 27, should also be 
investigated. Since few radical clusters have been characterised, it is worth extending 
these reactions to a larger range of clusters. Even more effort should be put in to obtain 
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single crystals from the single products and to separate the product mixtures. It is 
recommended that all future work is carried out under absolute exclusion of oxygen and 
water. 
The construction of intermolecular charge transfer complexes. of the 
donor- --acceptor type is also an attractive idea and may afford materials with a further 
range of interesting properies. There are very few radical cluster species that have been 
investigated so far, and this property together with their magnetic behaviour makes 
these ligand systems so special. Catalytic properties of such systems will need to be 
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This chapter contains a variety of cluster compounds. A brief but illuminating foray into 
ten-electron donor carbocyclic ligands using the natural product Guaiazulene gave two 
interesting structures. Comparison of 1H NMR and X-ray structural parameters of the 
Ru3 and Ru4 species isolated, indicate an increased degree of metal-hydrocarbon 
interaction in the higher nuclearily compound. The synthesis and characterisation of 
two potential cluster containing polymer precursors is described and the preliminary 
results obtained from polymerisation reactions are given. Also an extension of the 
chemistry of cluster [Ru6C] coordinated arenes to supramolecular compounds 
containing macrocyclic systems is presented. Macrocyclic ethers of various sizes are 
bound to the metal cluster by suitable arene fragments thus paving the way for the 
utilisation of clusters as molecular sensors. The incorporation of cluster species into 




5.20 Synthesis and Characerisation of Two Cluster Derivatives of 
Guaiazulene. 
5.21 Introduction 
Reports of carbonyl cluster compounds containing azulene or its derivatives are few, 1 
and to our knowledge cluster coordinated guaiazulene is unknown. This study 
represents a continuation of our group's study into cluster coordinated carbocycles. Ten 
electron donor hydrocarbon ligands are relatively rare in the literature, and are almost 
exclusive to the coordination chemistry of transition metal clusters. A good example, 
synthesised by a member of our group, is acenapthalene which coordinates to the 
triruthenium cluster [Ru3(CO)7(93:T 2 :T 3 :1 5-Ci2H8)} in the manner illustrated (figure 
5. l).1 a The fused five and seven membered unsaturated rings that constitute an azulene 
moiety provide us with the possibility of directly comparing the different penta- and 
heptavalent coordination modes. Variance of cluster nuclearity has been shown to be a 
reliable probe into electronic affects governing arene-cluster bonding. 2 The 
coordination of derivatised carbocycles of this type also provides the possibility of 
asymmetric synthesis; the study of which is currently under way. The aim of this work 
is two-fold; to consolidate the chemistry of cluster bound fused carbocycles and to 




uncoordinated C=C bond 
r -coordination 
Figure 5.1. Acenapthalene acting as a 10e donor on a ruthenium triangle. 
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5.30 Results and Discussion: Reaction of Guaiazulene with Ru3(CO)12 30 
Thermolysis of Ru3(CO)12 30 in octane with guaiazulene [C15H18] gives the two new 
cluster compounds Ru3(CO)7(93:T 5Tl 3T 3-C15H 18) 31 and Ru4(CO)9(93:1 5fl 3T 3 -
C15H18) 32 in moderate yield. The two compounds are air-stable both in solution and 
in the solid state. In each case, separation was achieved by thin-layer chromatography 
using dichloromethane/n-hexane (3:7, v/v) as eluent and preliminary characterisation 
was achieved by means of their solution infrared spectra in dichloromethane and 
positive ion fast atom bombardment mass spectra. Both compounds showed 
absorptions in the terminal and bridging carbonyl regions in solution immediately after 
separation. However, no p-CO was detected in the solid-state infrared spectrum (KBr) 
of 32 or in a solution infrared spectrum made up from crystals of 32: consistent with 
its structure as determined in the solid-state (vide infra). This strongly suggests, 
therefore, that the initial solution and solid-state carbonyl distributions in 32 are not the 
same. An apparent driving force for such a stereochemical rearrangement is the unequal 
electron donation from the guaiazulene ligand to the cluster face [Ru(l), Ru(2), Ru(3)] 
(vide infra). The energy required for such a structural transformation can be assumed to 
be relatively low. The mass spectrum of each compound showed the molecular ion and 
a carbonyl regression appropriate to the number of carbonyls carried by the cluster. 
5.31 The solution 1 H NMR of 31 and 32. 
The solution 1 H NMR spectra of 31 and 32 in CDC13 show the same number and type 
of resonances and similar coupling constants. However, the protons in positions 
proximal to the cluster bound carbon framework show significant differences in 
chemical shift, presumably symptomatic of the two different cluster nuclearities 
involved. Assignment of the spectral features for 31 and 32 was aided by various 
decoupling and n.O.e experiments. The chemical shifts of corresponding protons in 
both compounds are detailed in table 5.1. Comparison of these two sets of data shows 
predominently higher values for 31 with two exceptions: H(2) and the signals due to 
the isopropyl group which are very similar. Reduction in ring current and 
concommitant lowering of chemical shift has been previously observed for transition 
metal bonded arenes. 3 It has also been noted that facially bonded arenes have lower 
chemical shifts than those that are apically bound. 3 This has been ascribed to a different 
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hybridisation at the metal bound carbons, from sp 2 to sp3 , and the consequential 
increase in diamagnetic shielding. The lowest chemical shift for a ring proton in each 
case is attributed to H(8) (see table 5.1.). Which is bound to carbon C(8) in the C7 
ring, as seen in the solid state structures (vide infra), which in turn is bonded to two 
metal atoms [Ru(2), Ru(3)J and deviates greatly from the C7 plane. The two methyl 
groups C(13) and C(14) give rise to individual signals and a corresponding doublet of 
quartets was observed for H(12), thus suggesting rotation of the isopropyl groups is 
severely hindered in solution. 
Table 5.1. 1 H NMR data for 31 and 32. H atoms are labelled according to the C atom to which they 
are bound. 
1 H Nucleus ö (ppm) 
31 	32  
Multiplicity Integral J (Hz) 
C5 ring 5.73 5.94 d 1 3 
C5 ring 4.59 	4.19 d 1 3 
H(6) C7 ring 4.79 	3.99 5 1 - 
C7 ring 2.20 	 1.67 d 1 7 
C7 ring 5.35 	5.07 d 1 7 
H(11)Me 1.87 	1.74 s 3 - 
H(12) i-Pr 2.34 	2.48 d of q 1 7 
H(13&14)i-Pr l.46& 1.21 1.51& 1.23 d 3&3 7 
H(15)Me 1.98 	1.17 s 3 - 
5.32 The Solid-State Molecular Structures of 31 and 32. 
Representations of the solid state molecular structures of 31 and 32 are given in figures 
5.2 and 5.3 respectively together with selected bond lengths and angles. Both crystal 
structures belong to centrosymmetric space groups, hence both enantiomers exist for 
each compound. Each carbon in the fused rings of 31 and 32 is chemically and 
crystallographically unique and chiral. The azulene framework donates a total of ten 









Figure 5. la. A representation of the carbon framework bondlengths of 31 and 32 in the solid state. 
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The coordination mode adopted by the bicyclic ligand over a trimetal face is in 
accordance with that previously observed. 1  The carbon-carbon distances for 
compounds 31 and 32 are shown in figure 5. la. Close inspection of the C5 ring bond 
lengths reveals significant deviation from a regular pentagon in each case. This 
distortion is greatest in 31: possibly a consequence of higher nuclearity. The 
bridgehead bond length is appreciably longer in 31 and 32 than that found in other 
cyclopentadienyl derivatives. The modification is such that the largest internal angles 
are at C(i), C(2) and C(3) for both compounds. The averaged plane defined by the C5 
ring is not parallel with that of the ruthenium triangle but is tilted such that the two 
planes produce an angle of 12.2° and 2.00  for 31 and 32 respectively. The longest 
Ru(1) to C5 ring distance is 2.267(4) A [Ru(l)-C(l)} in 31 and 2.308(5) A [Ru(1)-
C(5)] in 32, while the shortest is 2.211(4) A [Ru(1)-C(4)] in 31 and 2.208(6) A 
[Ru(1)-C(3)] in 32. 
Variation in the C-C bond lengths of the C7 rings is more pronounced 
Delocalisation around the C7 ring is unlikely in view of the variation of the C-C bonth 
lengths and the unfavourable stereochemistry. The shortest C-C bonds in both 
compounds C(6)-C(7) and C(9)-C(10), compare favourably with those found in 
coordinated olefins and suggest localisation of electron density at these sites. The 
remaining bonds are significantly longer. 
Deviation from planarity in the C7 ring is greater than that in the C5 ring. An 
'envelope flap' type distortion, with C(8) at the apex, produces a fold angle of 138.4° 
& 133.7 for 31 and 32, respectively. The Ru(2)-C(8) distance is significantly shorter 
than the Ru(3)-C(8) distance in each compound. A formal description of the carbon-
metal bonding for C(8) is not straightforward and comparable examples are few, 
however, a similar bonding mode has been elucidated in a dinickel compound. 6 The 
said interaction may be classified as a 'three centre three electron' bond. The metal-
ligand distances vary greatly for the non-bridgehead carbons of the C7 ring. For 31 
they lay in the range 2.536(4) A [Ru(3)-C(10)] to 2.254(3) A [Ru(2)-C(7)]. The 
Ru(2)-C(6) bond is significantly shorter than the corresponding Ru(3)-C(10) distance. 
This is part of an asymmetric distortion where all Ru(2)-C7 bonds are shorter than their 
related Ru(3)-C7 bonds. This could be due to different electronic effects of the 
substituent groups [i-Pr at C(7) and Me at C(10)]. 
The C7 ring-metal bonding in 32 gives a different picture. The six bond lengths 
corresponding to those in 31 lay in the range 2.45 1(6) A [Ru(3)-C(8)] to 2.202(5) A 
[Ru(3)-C(9)]. The Ru(3)-C(10) distance [2.275(6) A] is very much shorter, showing a 
stronger metal-carbon interaction consistent with the lengthening of the C(10)-C(9) 
bond [cf. 31]. C7 ring bonds to Ru(2) also indicate an increased degree of metal- 
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carbon interaction compared to 31. In particular, bonds RU(2)-C(6) and Ru(2)-C(7). 
Likewise, these distances correspond with a larger C(6)-C(7) distance than observed in 
31. Ru(2) has a possible fourth bonding interaction with C(5). At 2.598(6) A this is 
rather weak, however, such an interaction would aid electron density distribution 
across the cluster framework. 
Metal-metal interactions in cluster-compounds are often refered to as soft. 
Hence, metal-metal distances can be expected to vary such that they optimise the 
'harder' metal-ligand bonding. The intermetallic distances in 31 show a distinct pattern 
of two long [Ru( 1 )-Ru(2) and Ru( 1 )-Ru(3)] and one short [Ru(2)-Ru(3)] spanning the 
C7 ring and bridged by a single it-CO ligand [C(200),0(200)]. The shortening of this 
bond could be to maximise orbital overlap of Ru(2) and Ru(3) with the i.t-CO and the 
C7 ring and compensate for the formal electron deficiency at these atoms. Ru(1) is 
formally electron rich, thus electron density must be donated to Ru(2) and Ru(3) along 
the polar intermetallic bonds. 
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Figure 5.2. Two views of the solid-state molecular structure of 31. Selected bond lengths [A] and 
angles [deg.] with e.s.d's 0 for 31. Ru(1)-Ru(3) 2.9009(8), C(302)-0(302) 1.132(5), Ru(1)-Ru(2) 
2.9362(6), Ru(2)-Ru(3) 2.7383(9), Ru(1)-C(4) 2.211(4), Ru(1)-C(3) 2.230(4), Ru(1)-C(2) 2.254(4),. 
Ru(1)-C(5) 2.249(4), Ru(1)-C(1) 2.267(4), Ru(2)-C(7) 2.254(3), Ru(2)-C(6) 2.355(4), Ru(2)-C(8) 
2.389(4), Ru(3)-C(9) 2.284(4), Ru(3)-C(8) 2.458(4), Ru(3)-C(10) 2.536(4), Ru(1)-C(102) 1.884(4), 
Ru(1)-C(101) 1.882(5), Ru(2)-C(202) 1.857(4), Ru(2)-C(201) 1.889(4), Ru(2)-C(200) 2.084(4), Ru(3)-
C(302) 1.867(4), Ru(3)-C(301) 1.869(4), Ru(3)-C(200) 2.033(4), C(101)-0(101) 1.139(6), 0(101)-
C(101)-Ru(1) 176.2(4), 0(102)-C(102)-Ru(1) 173.4(4), C(102)-0(102) 1.144(5), 0(200)-C(200)-Ru(3) 
140.5(3), C(200)-0(200) 1.172(5), 0(200)-C(200)-Ru(2) 136.1(3), C(201)-0(201) 1.144(5), 0(201)-
C(201 )-Ru(2) 178.5(3), C(202)-0(202) 1.147(5), 0(202)-C(202)-Ru(2) 177.0(3), C(301)-0(301) 
1.148(5), 0(30 1)-C(30 1 )-Ru(3) 175.6(4) Ru(3)-C(200)-Ru(2) 83.36(14), 0(302)-C(302)-Ru(3) 
176.3(4), Ru(3)-Ru( 1)-Ru(2) 55.95(2), Ru(3)-Ru(2)-Ru( 1) 61.37(2), Ru(2)-Ru(3)-Ru( 1) 62.68(2), 
C(2)-C( 1)-C(5) 108.5(4), C(2)-C(1)-C(1 1)126.0(4), C(5)-C(1)-C(1 1)125.4(4), C(3)-C(2)-C(1) 
109.1(4), C(2)-C(3)-C(4) 108.9(4), C(3)-C(4)-C(10) 123.7(4), C(3)-C(4)-C(5) 106.7(4), C(10)-C(4)-
C(S) 12 9.5(3), C(6)-C(S)-C(1) 123.1(3), C(6-C(5)-C4) 129.94), C(1)-C(5)-C4) 106.8(3), C(7)-C(6)-
C(5) 125.5(3), C(6)-C(7)-C(8) 120.9(3), C(6)-C(7)-C(12) 122.3(3), C(8)-C(7)-C(12) 116.7(3), C(9)-




Figure 5.3. Two views of the solid state molecular structure of 32. Selected bond lengths [A] and 
angles [deg.] for 32. Ru(1)-Ru(3) 2.8649(8), C(402)-0(402) 1.139(10), Ru(2)-Ru(4). 2.7111(10), 
C(403)-0(403) 1.138(10), Ru(2)-Ru(3) 2.8734(8), C(101)-0(101) 1.137(10), Ru(2)-Ru( 1) 2.9128(8), 
C(102)-0(102) 1.156(10), Ru(4)-Ru(3) 2.6875(13), C(301)-0(301) 1.153(8), Ru(4)-Ru(1) 2.8413(8), 
C(302)-0(302) 1.146(9), Ru(1)-C(3) 2.208(6), Ru(1)-C(2) 2.239(6), Ru(1)-C(1) 2.260(5), Ru(1)-C(4) 
2.289(6), Ru(1)-C(5) 2.308(5), Ru(3)-C(9) 2.202(6), Ru(3)-C(10) 2.275(6), Ru(3)-C(8) 2.451(6), 
Ru(2)-C(7) 2.207(6), Ru(2)-C(6) 2.248(6), Ru(2)-C(8) 2.388(6), Ru(2)-C(5) 2.598(6), Ru(1)-C(102) 
1.864(7), Ru(1)-C(101) 1.869(8), Ru(2)-C(202) 1.853(8), Ru(2)-C(201), 1.869(7), Ru(3)-C(301) 
1.835(7), Ru(3)-C(302) 1.849(7), Ru(4)-C(402) 1.837(8), Ru(4)-C(403) 1.903(8), Ru(4)-C(401) 
1.922(8), Ru(2)-Ru(4)-Ru( 1) 63.23(2), Ru(4)-Ru( 1)-Ru(3) 56.19(3), Ru(4)-Ru(1 )-Ru(2) 56.20(2), 
0(202)-C(202)-Ru(2) 176.7(10), Ru(3)-Ru( 1)-Ru(2) 59.64(2), 0(20 1)-C(201)-Ru(2) 177.1(7), Ru(4)-
Ru(2)-Ru(3) 57.45(3), 0(401)-C(401)-Ru(4) 177.3(8), Ru(4)-Ru(2)-Ru(1) 60.57(2), 0(402)-C(402)-
Ru(4) 176.3(9), Ru(3)-Ru(2)-Ru(1) 59.35(2), 0(403)-C(403)-Ru(4) .174.4(8), Ru(3)-Ru(4)-Ru(2) . 
64.31(3), 0(101)-C(101)-Ru(1) 172.9(8), Ru(3)-Ru(4)-Ru(1) 62.35(2), 0(102)-C( 1 02)-Ru(1) 167.3(7), 
C(202)-0(202) 1.121(11), 0(301)-C( 301 )-Ru(3) 179.0(6), C(2 10 10-0(201) 1 . 1 31(9), 0(302)-C(302)-
Ru(3) 177.4(8), C(401)-0(401) 1.111(11), C(2)-C(1)-C(5) 108.7(5), C(2)-C(1)-C(1 1)126.5(6), C(5)-
C(1)-C(1 1)124.6(6), C(1)-C(2)-C(3) 108.3(5), C(2)-C(3)-C(4) 110.2(5), C(3)-C(4)-C(10) 124.6(5), 
C(3)-C(4)-C(5) 105.7(5), C(10)-C(4)-C(5) 129.5(5), C(6)-C(5)-C(1) 122.9(5), C(6)-C(5)-C(4) 129.5(5), 
C(1)-C(5)-C(4) 107.0(5), C(7)-C(6)-C(5) 124.4(5), C(6)-C(7)-C(8) 120.0(5), C(6)-C(7)-C(12) 122.1(5), 
C(8)-C(7)-C(12) 117.7(5), C(9)-C(8)-C(7) 125.9(5), C( 10)-C(9)-C(8) 124.2(5), C(9)-C(10)-C(4) 
121.6(5), C(9)-C(10)-C(15) 119.1(6), C(4)-C(10)-C(15) 118.8(6), C(13)-C(12)-C(14) 110.6(7), C(13)- 
C(12)-C(7) 114.7(6), C(14)-C(12)-C(7) 108.2(6). 
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The tetrahedral cluster core of 32 deviates from ideality. The triruthenium face 
coordinated to the fused carbocycles is distorted in a manner which differs to that 
observed in 31. The shortest bond is Ru(1)-Ru(3) and not Ru(2)-Ru(3) as in 31. This 
could be due to a compensatory effect of Ru(4) subtending the metal face. The metal 
contacts to Ru(4) are shorter than those between the remaining metal atoms, in 
particular Ru(2)-Ru(4) and Ru(3)-Ru(4). Rü(2) and Ru(3) are formally electron 
deficient compared with Ru(l), and it therefore appears that these shortened contacts 
represent a system by which this is counterbalanced. 
Together with the bridging CO. six terminal carbonyls, two on each metal, 
make up the ligand cage of 31. The CO bond lengths lie in the range 1.148(5) A 
[C(301)-0(301)] to 1.132(5) A [C(302)-0(302)I. In 32 all nine CO ligands are. 
terminal in the solid-state. Ru(1), Ru(2) and Ru(3) each carry two each whilst Ru(4) is 
bound to three. The shortest C-O bond length is found on the carbonyl attached to 
Ru(4), roughly trans to the Ru(1)-Ru(4) contact. The largest C-O distance is found in a 
carbonyl attached to Ru(l). This is likely to be due a consequence of it-back-bonding 
from the electron rich metal. 
165 
Chapter 5 
5.33 The Solid State Crystal Structures of 31 and 32. 
The solid-state intermolecular interactions of 31 and 32 are shown in figures 5.4 and 
5.5 respectively. In each case the molecular lattice appears to be dominated by 
interactions of the CO...H type. In 31 the shortest of these interactions is between the 
oxygen atom of the .t-CO and the ipso-hydrogen of the Cp H2 [2.29 AI. Packing 
phenomena of this type have been shown to be instrumental in the ordering of similar 
cluster compounds in the solid-state. 4  Two further interactions of the COH type exist 
in the crystal structure of 31, namely Hl5bO2Ol [2.53 A] and H9OlO2 [2.57 Ai. 
Th e  solid-state architecture of 32 consists of alternate layers of each enantiomer. The 
two interactions observed are found exclusively between molecules of a common 
chirality. The ipso-hydrogen of the cyclopentadienyl moiety is again involved in a 
COH type interaction [H20302 2.54 A], whilst the second COH contact is 
between that of a methyl hydrogen (Hl lb) and 0301 [2.58 A]. It should be noted that 
no graphitic-like interactions are observed in crystalline 31 or 32, as has been 
observed in many arene clusters. 4 This is perhaps due to the inauspicious steric 
requirements of the substituent groups. 
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Figure 5.5. The 'in:ra-layer' solid-state intermolecular interactions observed in 32. 
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5.40 Conclusion 
The azulene derivative, guaiazulene, adopts a a facial coordination mode in both the 
Ru3 and Ru4 clusters. Asymmetry of the hydrocarbon induces variations in the nature 
of the metal-carbon bonds. The presence of the fourth metal atom in 32 appears to 
facilitate cluster-hydrocarbon interaction. As a consequence of this the 1 H NMR of 32 
shows a general shift to lower frequencies and small but significant alterations to the 
carbon-framework of the fused bicyclic ligand are observed. 
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5.50 Difunctionalised Arene Cluster Compounds With Electron 
Withdrawing Groups. 
5.51 Introduction 
Of growing interest in the field of organometallic chemistry is the synthesis of materials 
with useful properties. 5 Clusters have long been known to possess various interesting 
characteristics; redox activity, 6 for instance, is known to increase with cluster 
nuclearity, 7 optical work on the hexa-nuclear bi-capped tetrahedral cluster {0s6(CO)181 
has suggested semi-conductor properties, 8 and we have recently shown that derivatives 
of 20 [Ru6C(CO)17] can act as electron acceptors with 'tuneable' redox activity. 9 The 
solid-state architecture of bis-arene clusters is notable in that one dimensional arrays are 
produced through intermolecular arene-arene 'graphitic-like' interactions. 10 The ability 
of clusters to activate both C-H and C-C bonds is also a valuable characteristic. We 
have therefore extended our work on cluster-coordinated carbocycles to include the 
study of functionalised arenes, which may, by simple organic reactions, be 
incorporated in organometallic networks. 11 The electronic/steric influences that dictate 
the coordination modes of cluster bound arenes are still unclear, hence, the examination 
of coordinated arene derivatives containing strong electron donating/withdrawing 
groups is attractive and may shed light on some fundamental questions concerning 
cluster coordination. The chemistry reported in the following section is therefore both 
an extension of our work on the cluster arene bond and a foray into the synthesis of 
higher nuclearity cluster containing materials. 
\ C_ 7/ 
-
C /  
Figure 5.6. Dimethyl 1 ,3-cyclohexadiene- 1 ,4-dicarboxylate. 
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5.52 Results and Discussion: Reaction of dimethyl 1,3-cyclohexadiene-1,4-
dicarboxylate with [Ru6C(CO)1 7120. 
Thermolysis of 20 [Ru6C(CO)17] with a two-fold excess of [p-C6H6(COOMe)2] 
(dimethyl 1,3-cyclohexadiene-1,4-dicarboxylate) in dibutylether for four hours yields 
the two cluster compounds [Ru6C(CO)14(fl 6-(p-C6H4(COOMe)2})] 33 and 
[Ru6C(CO)l4(p.3- 2 :T 2 :T 2-(p-C6H4(COOMe)2))] 34 as the major products. 
Separation of these products was achieved by TLC using dichioromethane-ethylacetate-
hexane (2:1:7, vlv) as eluent. The brown compound 33 and the red compound 34 were 
tentatively characterised in the first instance on the basis of their positive ion fast atom 
mass spectra, which exhibit a parent peak at m/z 1205 (caic. 1205), in each case, and 
their solution infrared spectra. The cluster bound carbonyl stretching energies of 33 
and 34 are higher (ca. 6 cm-1 ) than those observed for [Ru6C(CO) 14(71 6  ( CH ))] 11 a 
and [Ru6C(CO)14(93- II Ci6Hi6 ) )-2.2-paracyclophane] , 1 lb respectively, and may be 
taken to indicate a reduced degree of M—CO it-back donation as a result of reduced 
electron density in the cluster core. This in turn may be attributable to a poorer donor 
ability of the coordinated arene and/or an enhanced it-acceptor capability resulting in a 
net reduction of electron density transfered to the cluster core. Hence, in this instance, 
the carbonyl stretching energies act as a probe into the electron density of the cluster 
core and thus the nature of the arene cluster bond. The ester carbonyl stretch absorption 
in 34 is lower in energy than that in 33, which is perhaps due to a simple electron 
withdrawing effect or through some form of hyperconjugation operating in the facial 
coordination mode of 34. The 1 H NMR solution spectra of 33 and 34 in CDC13 
solution both show two singlet resonances of relative integrals 4:6 at =6.41, 3.88 ppm 
and 8=4.81, 3.95 ppm, which may be attributed to the aromatic and methyl protons 
respectively. The presence of only two signals in each case indicates that at ambient 
temperature the arene is free to rotate, thus suggesting that the steric impedance of the 
methylcarboxylate groups is insufficient to significantly hinder rotation. The spectra 
were redetermined several days later, after storage of the NMR solution samples at 
ambient temperature. No change was observed indicating that interconversion of 33 
and 34 is an unfavourable process under these conditions. The large difference in the 
resonant frequency of the singlet signal assigned to the four aryl protons in 33 and 34 
= 1.6 ppm] may be attributed to a stronger cluster arene interaction in 34. These 
observations are consistent with the results from extended Mickel MO calculations 
which show a stronger arene cluster interaction for the facial coordination mode.1 ic 
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5.53 The Solid-Stare Molecular Structures of 33. 
The molecular structure of 33, as determined by single crystal X-ray diffraction, is 
shown in figure 5.7 together with some key structural parameters An octahedron of six 
ruthenium metal atoms encapsulate a carbido atom at their centre, an architecture shared 
by many derivatives of 20. The carbido atom is shifted toward the arene carrying metal 
[Ru(1)-C(1) 1.938(7) A]. All intermetallic contacts fall within the normal range 
[2.8 125(12) to 2.9755(13) Aj. Two bridging and twelveterminal carbonyls constitute 
the coordination sphere for metals Ru(2)-Ru(6) of the cluster. The p.-CO's are bound to 
Ru(3), Ru(4) and Ru(5), with Ru(4) being common to both. Of primary importance in 
this study is the apically coordinated arene. The Ru(1)-arene bond lengths lay in the 
range 2.224(7)-2.270(7) A. Two electron withdrawing methylcarboxylate groups 
occupy the para-positions, and are approximately co-planar with the C6-ring. Carbons 
C(10) and C(17) are planar to within experimental error and are in positions such that 
they are susceptible to nucleophiic attack. The carbon-oxygen bond lengths C(10)-0(2) 
and C(17)-0(3) are shorter than their corresponding values in comparable 
uncoordinated aryl carboxylates, 19 perhaps suggesting an increased bonding interaction 
between the 0 atoms and their electron deficient neighbours. The strong electron 




Figure 5.7. The solid state molecular structure of 33. Selected bond lengths [A] and angles [deg.] for 
33. Ru(1)-C(1) 1.937(8), Ru(1)-C(14) 2.224(7), Ru(1)-C(12) 2.243(7), Ru(1)-C( 15) 2.246(7), .Ru(1)-
C(1 1) 2.253(7), Ru(1)-C(16) 2.267(7), Ru(1)-C(13) 2.270(7), Ru(1)-Ru(2) 2.8375(12), Ru(1)-Ru(3) 
2.8499(10), Ru( 1)-Ru(S) 2.8616(l 1), Ru(1)-Ru(4) 2.8895(12), Ru(2)C(202) 1.893(9), Ru(2)-C(203) 
1.901(9), Ru(2)-C(201) 1.927(9), Ru(2)-C(1) 2.049(7), Ru(2)-Ru(6) 2.8165(12), Ru(2)-Ru(5) 
2.9712(12), Ru(2)-Ru(3) 3.0312(13), Ru(3)-C(302) 1.881(9), Ru(3)-C(301) 1.904(10), Ru(3)-C(303) 
1.972(9), Ru(3)-C( 1) 2.051(7), Ru(3)-Ru(4) 2.8556(12), Ru(3)-Ru(6) 2.8968(12), Ru(4)-C(401) 
1.884(8), Ru(4)-C(402) 1.888(9), Ru(4)-C(403) 2.083(8), Ru(4)-C(1) 2.091(7), Ru(4)-C(303) 
2.446(9), Ru(4)-Ru(5) 2.8125(12), Ru(4)-Ru(6) 2.9755(13), Ru(5)-C(501) 1.882(8), Ru(5)-C(502) 
1.891(9), Ru(5)-C(403) 2.048(8), Ru(5)-C(1) 2.070(7), Ru(5)-Ru(6) 2.8953(10), Ru(6)-C(601) 
1.897(9), Ru(6)-C(603) 1.905(9), Ru(6)-C(602) 1.921(9), Ru(6)-C(1) 2.069(8), 0(1)-C(10) 1.215(9), 
0(2)-C(10) 1.307(9), 0(2)-C(9) 1.459(9), 0(3)-C(17) 1.334(9), 0(3)-C(18) 1.456(9) 0(4)-C(17) 
1.199(9) C(10)-C(II) 1.493(10), C(1 1)-C(12) 1.418(10), C(1 1)-C(16) 1.423(10), C(12)-C(13) 
1.396(10), C( 13)-C(14) 1.416(10), C( 14)-C(15) 1.420(10), C(14)-C(17) 1.495(10), C(1 5)-C(16) 
1.392(10). C(201)-0(201) 1.144(10), C(202)-O(202) 1.132(10), C(203)-O(203) 1.145(10), C(30 i) 
0(301) 1.139(10), C(302)-0(302) 1.140(10), C(303)-0(303) 1.135(10), C(401)-0(401) 1.142(9), 
C(402)-0(402) 1.146(9), C(403)-0(403) 1.158(9), C(501)-0(501) 1.129(9), C(502)-0(502) 1.134(10), 
C(601)-0(601) 1.131(10), C(602)-0(602), 1.126(10), C(603)-0(603) 1.142(10), C(10)-0(2)-C(9) 
116.3(6), C(17)-0(3)-C(18) 115.2(6), 0(1)-C(10)-0(2) 126.3(7), 0(l)-C(10)-C(11) 
120.9(7),0(2)C(10)-C( 11) 112.8(6), C(12)-C(1 1)-.C(16) 118.4(7), C(12)-C(1 1)-C(10) 120.6(6), C(16)-
C(1 1)-C(10) 120.8(6), C( 13)-C( 12)-C([ 1)121.8(7), C(12)-C(13)-C(14) 119.2(7), C(13)-C(14)-C(15) 
119.5(7), C(13)-C(14)-C(17) 118.2(7), C(15)-C(14)-C(17) 122.2(7), C(16)-C(15)-C(14) 120.7(7), 




Figure 5.8. A representation, of the dimethyl benzene- 1 ,4-dicarboxylate framework bond lengths [A] of 
33, 34 and 34' in the solid state. 
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Correlation of substituent parameters with the metal carbonyl stretching force 
constant in arenetricarbonylchromium complexes suggest that the overall electronic 
substituent effect transmitted to the carbonyl groups involves both mesomeric and 
inductive mechanisms. 12  Within the restricted domain, including substituent group and 
arene, transmission proceeds largely by resonance, with a minor inductive (through-
bond and field) effect operative in the same domain. Further transmission from the 
substituted arene ring to the metal atom predominantly involves an inductive 
mechanism. This suggests appreciable participation of the ring carbon framework in 
the formation of the metal-ring bond. This description is consistent with the above 
structural and spectral observations. A representation of the dimethyl benzene-1, 4- 
dicarboxylate framework bond lengths of 33 in the solid-state is given in figure 5.8. 
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5.53 The Solid State Molecular Structures of 34 and 34'. 
The solid-state molecular structure of 34 has been determined by X-ray 
crystallography. The asymmetric unit contains two molecules of 34 that differ in the 
orientation of a carboxylate group, along with two molecules of dichioromethane 
solvate. Representations of the anti [34] and syn [34'] solid-state molecular structures 
are given in figures 5.9a and 5.9b respectively along with selected structural 
parameters. Compound 34 is one of the few examples of a facially coordinated arene 
on a high nuclearity cluster. Six Ru atoms encapsulating a carbon atom constitute the 
octahedral cluster core in 34 and 34'. The metal-metal contacts for 34 and 34' lay in 
the ranges 2.799(2)-2.972(2) and 2.7900(14)-3.012(2), respectively. In each cluster 
core the carbido atom is slightly inclined towards the arene coordinated ruthenium 
ti-jangle. Metal to C6 ring distances in 34 and 34' lay in the ranges 2.151(7)-2.411(7) 
and 2.170(8)-2.381(7), respectively. The carbon-carbon bond lengths the C6 rings in 
each compound are presented in figure 5.8 and show little inclination to the hypothetical 
cyclohexatriene 'short-long' deformation previously observed for benzene on 
ruthenium and osmium triangular faces. 16  This is understandable simply on grounds of 
symmetry and electronic effects; the local C3v  symmetry previously observed (i.e. 
eclipsed or staggered) is not available to a para- substituted arene, and the electron-
withdrawing substituents in these positions have an unequal effect on the individual 
metal-71 2 interactions. The planarity of the C6 rings in 34 and 34' is significantly less 
than that observed in 33. The root mean square (rms) deviation for C1l'-C16' from 
their least squares plane is 0.044, with the greatest deviation being shown by C15' and 
C16' at 0.074(5) and 0.062(5), respectively. Whilst the rms deviation for Cl l-C16 
from their least squares plane is 0.027, with the greatest deviation being shown by C15 
and C14 at 0.045(5) and 0.03 1(5), respectively. 
The methylcarboxylate substituent carbons CIO, C17, CIO', C17' in 34 and 
34' are significantly bent out of the plane of the C6 ring by 27.9(7)°, 15.3(8)°, 26.9(7)° 
and 18.0(7)°, respectively. This indicates a radically different hybridisation of the 
coordinated carbon atoms in 33 and 34. The geometry of the coordinated carbons C1 1, 
C14, Cl 1', C14' in 34 and 34' indicate a greater inclination toward sp 3 hybridisation. 
It is interesting to note that the pairs of angles for each molecule in 34 are markedly 
different. Since 34 and 34' show very different packing motifs it is unlikely this large 
difference is solely the result of solid-state interactions. Hence this arrangement appears 
to be a conformational energy minimum for both the syn and anti forms in the solid-
state. The remaining coordination spheres of 34 and 34' are made up of thirteen 
terminal CO ligands and a pt-CO ligand bridging Ru5 and Ru4 in both rotomers. 
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Figure 5.9a. The solid-state molecular structure of 34. Selected bond lengths [A] and angles [deg.] for 
34. Ru(1 )-C( 101) 1.884(8), Ru(1)-C(102) 1.907(6), Ru(1)-C(1) 1.982(7), Ru(1)-C(13) 2.249(7), 
Ru(1)-C(12) 2.335(6), Ru(1)-Ru(2) 2.8210(14), Ru(1)-Ru(3) 2.828(2), Ru(1)-Ru(5) 2.9011(14), 
Ru(1)-Ru(4) 2.9399(13), Ru(2)-C(201) 1.866(8), Ru(2)-C(202) 1.905(8), Ru(2)-C(1) 2.054(8), Ru(2)-
C(15) 2.189(6), Ru(2)-C(14) 2.295(7), Ru(2)-Ru(6) 2.8199(13), Ru(2)-Ru(3) 2.937(2), Ru(2)-Ru(5) 
3.0111(14), Ru(3)-C(301) 1.866(9), Ru(3)-C(302) 1.890(7), Ru(3)-C( 1) 2.023(6), Ru(3)-C( 11) 
2.151(7), Ru(3)-C(16) 2.411(7), Ru(3)-Ru(4) 2.8589(13), Ru(3)-Ru(6) 2.9224(14), Ru(4)-C(401) 
1.882(8), Ru(4)-C(402) 1.902(7), Ru(4)-C(1) 2.070(8), Ru(4)-C(403) 2.114(7), Ru(4)-Ru(5) 
2.799(2), Ru(4)-Ru(6) 2.972(2), Ru(5)-C(501) 1.911(7), Ru(5)-C(502) 1.924(6), Ru(5)-C(403) 
2.044(9), Ru(5)-C(1) 2.064(6), Ru(5)-Ru(6) 2.863(2), Ru(6)-C(602) 1.905(8), Ru(6)-C(601) 
1.906(8), Ru(6)-C(603) 1.906(6), Ru(6)-C(1) 2.064(7), 0(1)-C(10) 1.223(8), 0(2)-C(10) 1.320(10), 
0(2)-C(9) 1.427(10), 0(3)-C(17) 1.334(9), 0(3)-C(18) 1.446(10), 0(4)-C(17) 1.172(8), C(10).C(11) 
1.526(10), C(1 1)-C(16) 1.432(11), C(1 1)-C(12) 1.434(8), C(12)-C(13) 1.431(10), C(13)-C(14) 
1.457(1 i) C(14)-C(15) 1.403(8), C(14)-C(17) 1.509(11), C(15)-C(16) 1.399(10), C(101)-O(101) 
1.146(9), C(102)-0(102) 1.142(7), C(201)-0(201) 1.153(9), C(202)-0(202) 1.122(9), C(301)-0(301) 
1.143(10), C(302)-0(302) 1.157(8), C(401)-0(401) 1.147(10), C(402)-0(402) 1.130(9), C(403)-
0(403) 1.134(9), C(501)-0(501) 1.126(9), C(502)-0(502) 1.118(8), C(601)-0(601) 1.129(9), C(602)-
0(602) 1.142(10), C(603)-0(603) 1.131(7), C(10)-0(2)-C(9) 114.1(5), C(17)-0(3)-C(18) 115.3(5), 
0(1)-C(10)-0(2) 126.2(7), 0(1)-C(10)-C(1 1)122.3(7), 0(2)-C(10)-C(1 1)111.5(5), C(16)-C(1 1)-C(12) 
118.7(7), C(16)-C(1 1)-C(10) 116.5(5), C(12)-C(1 1)-C(10) 116.9(6), C(13)-C(12)-C(II) 118.3(7), 
C(12)-C(13)-C(14) 121.7(5), C(15)-C(14)-C(13) 118.1(6), C(15)-C(14)-C( 17) 124.0(7), C(1 3)-C(14)-
C(17) 114.9(5), C(14)-C(15)-C(16) 120.3(7), C(15)-C(16)-C(l 1)122.4(5), 0(4)-C(17)-0(3) 124.9(8), 
0(4)-C(17)-C(14) 126.0(8), 0(3)-C(17)-C(14) 109.1(5), 0(101)-C(101)-Ru(1) 178.4(7), 0(102)-
C(102)-Ru( 1) 176.7(6), 0(201)-C(20 1)-Ru(2) 165.8(7), 0(202)-C(202)-Ru(2) 177.4(7), 0(301). 
C(301)-Ru(3) 165.9(6), 0(302)-C(302)-Ru(3) 173.4(8), 0(401)-C(401)-Ru(4) 179.1(7), 0(402)-
C(402)-Ru(4) 176.3(6), 0(403)-C(403)-Ru(5) 139.7(7), 0(403)-C(403)-Ru(4) 135.4(7), 0(501)-
C(501)-Ru(5) 177.6(5), 0(502)-C(502)-Ru(5) 178.1(7), 0(601)-C(601)-Ru(6) 176.9(8), 0(602)-
C(602)-Ru(6) 177.3(5), 0(603)-C(603)-Ru(6) 171.8(7). 
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Figure 5.9b. The solid-state molecular structure of 34'. Selected bond lengths [A] and angles [deg.] for 
34'. Ru(1 ')-C(104) 1.889(8), Ru(1')-C(103) 1.905(6), Ru(1')-C(1') 2.015(7), Ru(1')-C(1 3) 2 181(8), 
Ru(1')-C(12') 2.330(9), Ru(1 ')-Ru(2') 2.8146(14), Ru(1 ')-Ru(3') 2.8309(13), Ru( 1 ')-Ru(5') 2.9125(13), 
Ru(1')-Ru(4') 2.9735(14), Ru(2')-C(203) 1.852(8), Ru(2')-C(204) 1.878(8),Ru(2')-C(l') 2.041(6), 
Ru(2')-C(15') 2.204(8), Ru(2')-C(14') 2.253(7), Ru(2')-Ru(6') 2.7900(14), Ru(2')-Ru(3') 2.943(2), 
Ru(2')-Ru(5) 3.012(2), Ru(3')-C(303) 1.895(7), Ru(3')-C(304) 1.939(9), Ru(3')-C(l') 2.028(8), Ru(3')-
C(11') 2.170(8), Ru(3')-C(16') 2.381(7), Ru(3')-Ru(4') 2.858(2), Ru(3')-Ru(6') 2.9124(13), Ru(4')-
C(405) 1.833(8), Ru(4')-C(404) 1.866(8), Ru(4')-C(l) 2.065(6), Ru(4')-C(406) 2.072(9), Ru(4')-Ru(5') 
2.774(2), Ru(4')-Ru(6') 2.978(2), Ru(5')-C(503) 1.888(9), Ru(5')-C(504) 1.900(9), Ru(5')-C(406) 
2.025(7), Ru(5')-C(l') 2.064(8), Ru(5')-Ru(6') 2.9027(13), Ru(6')-C(605) 1.847(9), Ru(6')-C(606). 
1.881(8), Ru(6')-C(604) 1.907(10), Ru(6')-C(l') 2.053(7), 0(1')-C(10') 1.177(8), 0(2')-C( 10') 
1.362(10), 0(2')-C(9') 1.455(10), 0(3')-C(17) 1.322(8), 0(3')-C(18') 1.424(9), 0(4')-C(17') 1.227(10), 
C( 10')-C( 11') 1.520(11), C(1 1')-C(16') 1.422(9), C(1 1')-C(12') 1.459(11), C(1 2')-C( 13') 1.347(10), 
C( 1 3') -C(14 ') 1.499(9), C(14')-C(15') 1.394(11), C(14')-C(17') 1.481(10), C(15')-C(16') 1.400(9), 
C(103)-0( 103) 1.160(8), C( 104)-0(104) 1.168(9), C(203)-0(203) 1.155(9), 0(204)-0(204) 1.185(9), 
C(303)-0(303) 1.140(8), C(304)-0(304) 1.104(10), C(404)-0(404) 1.177(10), C(405)-0(405) 
1.145(10), C(406)-0(406) 1.181(10), C(503)-0(503) 1.141(11), C(504)-0(504) 1.095(11), C(604)-
0(604) 1.170(12), C(605)-0(605) 1.180(l 1), C(606)-0(606) 1.172(10), C(10')-0(2')-C(9') 113.6(5), 
C(17')-0(3')-C(18) 116.2(7), 0(1 ')-C(l 0')-0(2') 126.7(7), 0(1 )-C(10')-C(l 1) 124.2(8), 0(2')-C(10')- 
QI 1') 109.1(5), C(16')-C(l 1 ')-C(12') 116.5(6), C( 1 6') -C(l 1')-C(lO') 122.7(7), C( 12')-C(1 I ')-C(l 0') 
114.3(6), C(13')-C(12')-C(1 1) 121.8(6), C( 12')-C( 1 3')-C( 14 ') 121.7(7), C(15')-C(14')-C(17') 125.5(6), 
C(1 5')-C( 14')-C(l 3') 114.7(6), C(1 7')-C( 14')-C(13') 115.3(6), C(14')-C(l 5')-C(l 6') 123.3(6), 0(4')-
C(17')-0(3') 126.5(6), 0(4')-C(17')-C(14') 123.5(6), 0(3')-C(17')-C(14') 110.0(7), 0(103)-C(103)- 
174.6(7), 0(104)-C( 104)-Ru(1') 172.5(7), 0(203)-C(203)-Ru(2') 172.9(7), 0(204)-C(204)- 
176.3(7), 0(303)-C(303)-Ru(3') 163.7(8), 0(304)-C(304)-Ru(3') 177.3(7), 0(404)-C(404)-
Ru(4') 178.3(7), 0(405)-C(405)-Ru(4') 176.4(7), 0(406)-C(406)-Ru(5') 140.7(6), 0(406)-C(406)-
Ru(4') 134.0(5), 0(503)-C(503)-Ru(5') 178.2(6), 0(504)-C(504)-Ru(5') 175.1(9), 0(604)-C(604)-




























Figure 5.10. The arene-inruthenium conformations in 34 and 34' projected through the C6 ring plane. 
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The solid-state arene-R113 orientations of 34 and 34, projected through C6 ring 
plane, are shown in figure 5.10. In each molecule the orientation deviates from a 
regular staggered C3v conformation; the rotation axes of the R113  triangle and C6 ring 
are not co-linear, and the wide range of Ru-C bond lengths in 34 and 34' is due to a 
long-short di-hapto arrangement giving a near eclipsed conformation in both molecules. 
The solid state architectures of 33 and 34 show some interesting intermolecular 
interactions. 33 shows a single short contact of the type terminal carbonyl oxygen to 
ring hydrogen [O501-H15= 2.475A]. 34 and 34', however, show a highly complex 
packing motif. Central to the solid-state ordering of 34 is the relation of two molecules 
about a centre of inversion (figure 5.1 la). This molecular pairing of the anti rotomers is 
maintained by the interaction of the ketonic oxygen 04 with the ring hydrogen Ff13 
[04H13= 2.491A]. The nature of this interaction is unclear although an admixture of 
dipole-dipole and hydrogen bonding interactions may serve as an adequate description. 
The second pair of ketonic oxygens show a further interaction with two 
dichloromethane solvate molecules, [Oi ... H20a= 2.434A] also related by the centre of 
inversion. The 34' molecules are not paired in similar interactions but produce chains 
or 'snakes' of molecules in a nose-to-tail arrangement also involving close contacts of 
the H•0 type [04O6 ... H16a= 2.580A and H9'b0403= 2.554A] (figure 5.11b). 
Packing motifs such as 'carbonyl interlocking', previously seen in carbonyl 
compounds,6  are also present in 33 and 34. 





Figure 5.1 lb. Solid-state packing motif observed between molecules of 34'. 
It is of particular interest to note that in this case the arene ligand may adopt 
either the 1 6 or the 93: 112:12:12-  bonding mode giving the two isomeric forms 33 and 
34. There are few examples of the p.s- mode for systems based on the Ru6C unit; 
arenes in general preferring to adopt the more usual 71 6... mode. It is tempting to suggest 
that in this case, because of the electron withdrawing capabilities of the two CO2Me 
groups, the 93- mode is available for electronic reasons. This is in accordance with 
observations made in bis-arene R116C systems, 12 where electron rich arenes such as 
mesitylene and xylene are restricted to apical sites whereas benzene and toluene have 
been found to occupy both facial and apical positions. Until now, only para-
cyclophane 13 and the pseudo arenes 6,6-diphenyl- 14 and 6,6-dimethyl-fulvene 15 have 
been identified as i- coordinated species on the Ru6C(CO)14 cluster moiety. 
Preliminary investigations into the reactivity of 33 and 34 with primary alkyl 
diamines yielded encouraging results, and apparently (by JR spectroscopy) dark-brown 
polymers of low solubility were formed. Further work in this area is strongly 




5.60 Some Crown Ether Cluster Compounds 
The aim of this project was to synthesise crown ether cluster compounds with an 
electronic link between the cluster core and the receptor site. Given the wealth of 
chemistry involving such supramolecular species and the ever expanding group of 
arene clusters, an obvious progression was the marriage of these areas. The 
documented redox activity and robust nature of the Ru6C cluster ideally lends itself to 
this quest. 
5.61 An Introduction. 
The area of 'host-guest' or supramolecular chemistry is relatively new and has been 
described as the 'chemistry beyond the molecule', the central idea being that molecular 
associates can have a well defined structure. 21 These structures are dictated by 
relatively weak forces such as hydrogen bonding, ion-dipole and dipole-dipole 
interactions and Van der Waals forces. Most of the work in this area has been on the 
design of selective receptors for both alkali and alkaline-earth metal ions such as Na+, 
K, Mg and Ca2 . 22 
The best known of these types of compounds were discovered as by-products 
from work conducted by Pedersen et al. in the late 1960's.23  These are the cyclic 
polyethers [C6H4(C2H4)406C6H4] 35 and [(C2H4)606] 36 (see figure 5.12a). 
Hexaether 35 aroused Pedersen's interest due to its unusual solubility behaviour; it was 
found to be only sparingly soluble in methanol at room temperature, but on the addition 
if sodium hydroxide its solubility increased significantly. Addition of other methanol 
soluble salts had the same effect, and Pedersen concluded that it was not the hydroxyl 
ion that was responsible for the increased solubility, but the metal cations which were 
complexing with the cyclic ether. Pederson proposed a nomenclature for these 
compounds due to the complexity of their systematic names. 23 The first figure gives the 












Figure 5.12a: The Pedersen crown ethers [C6H 4(C2H4)406C6H4] 35 and [(C2H4)606] 36. 
Crown compounds consist of lipophilic and hydrophilic structural elements and 
as such show a balance between hydrophilicity and lipophulicity which explains their 
almost universal solubility. In a hydrophilic medium the donor atoms point outward 
from the chelate ring creating a lipophilic hydrocarbon core, and as such may be likened 
to a droplet of oil in water. In contrast, a lipophilic medium reverses the polarisation 
(assuming a good degree of flexibility in the ring) and the donor atoms face inwards 
with the hydrophobic alkyl groups being turned outwards, now acting like a droplet of 
water in oil and creating an electron rich cavity in which cations may be coordinated. 
Because of this behaviour in solvents of different polarities, it becomes apparent why 
the type of solvent will influence the crownether's ability to form complexes with 
positively charged species. A complex in a non-polar solvent will be more stable than in 
a polar one. 24 
A comparison of the hydrophilic cavity sizes of various crown ethers with the 
diameters of the unsolvated cations of the first three alkali metals show that Li and 
[12]crown-4, Na+  and [15]crown-5  and K+  and [18]crown-6  are well matched and 
constitute a template effect. This ability of macrocyclic ethers to selectively complex 
metal ions remains a topic of fundamental interest in supramolecular chemistry. 25 To be 
effective the ligand must be able to differentiate between metal cations by complexing 
the target cation to a greater degree than any other in the system, and this can only be 
achieved if the target cation satisfies the structural requirements of the donor atoms, 
such that the donor atoms adopt a spatial arrangement which creates the strongest 
interactions between them and the metal cation. In the case of crown ethers, earlier 
work focused on metal ion selectivity on the basis of macrocycle cavity size alone. This 
approach, however, was not always successful. Differences in predicted cavity size and 
metal ion selectivity have been explained on the basis of factors such as relative 
strengths of cation solvation, structural non-rigidity of the macrocycles which creates 
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the ability of the crown ethers to form complexes with different structures, and effects 
of ligand topology.26 
The idea that structural factors might influence metal ion-donor atom interaction 
has recently been studied by Hay and Rustad, 27 and they have shown that oxygen 
donor atoms have a preferred spatial geometry upon complexation with alkali and 
alkaline-earth metal cations. Using 1 ,2-dimethoxyethane as a model for ab initio 
molecular orbital calculations and MM3' force field calculations on over 50 kinds of 
crown ether compounds, they concluded that any interaction between the metal cations 
and the oxygen donors is not just a case of a preferred M-O length (i.. cavity size) on 
complexation, but a compromise between idealised planar geometry for coordinated 
oxygens and the amount of tortional strain this creates in the chelate backbone. They 
also concluded that failure to achieve such an oxygen geometry could have a greater 
effect on complex stability than the formation of an ideal metal-oxygen 'bond length'. 
Due to continuing research into the design of crown compounds there now exists an 
enormous range which in some cases have led to applications in the development of 
phase-transfer catalysts, selective immobilisation of radio isotopes, membrane 
transport, model systems for metalloenzymes 28 and novel chemical sensors. 29 
5.62 SupramoleCular Organometallic Chemistry 
An area of research which attracts growing attention is the study of ligand mediated M-
M' interactions. Due to interest in the redox activity of these systems, the well 
established redox-active centre, ferrocene, has been used in conjunction with a variety 
of receptors. Such a molecular arrangement (see figure 5.12b for an example) typifies 
the majority of work carried out in this area, and interest in these molecules stems from 
the idea of studying mutual interactions such as electron transfer between these redox-
active centres and closely bound cationic guests with the view to their use as subtle 








4-Ferrocenyl benzo[ 1 5]crown-5 
Figure 5.12b: An example of a redox active crown ether synthesised by Beer et al. 
Recently Beer et al. reported30 the synthesis of the first example wherein a 
ferrocene unit is linked to a benzo[15]crown-5 receptor. The electrochemistry of this 
compound was investigated by cyclic voltammetry after addition of Nat, K and Mg 2 
cations to the electrolyte. Significant anoinic shifts were reported indicating 
complexation of the cations and it was also found that the magnitude of these shifts was 
dependent upon the polarising power of the of the cationic guest with Mg 2 (with the 
largest charge/radius ratio) giving the greatest deviation and K the smallest. 
r'o") a  0 0 Q 0 0:0 Cr(CO)3 
 ~~Oj 
Chromium tricarbonyl- Tl6dibenzo[  1 8]crown-6 
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Bischromium tricarbonyI-11 6 :1dibenzo[1 8]crown-6 
Figure 12c: Some chromium tricarbonyl derivatives of benzo crown ethers. 
The mono- and bis-chromium tricarbonyl analogues of dibenzo[ 1 8]crown-6 have been 
synthesised byPannel et al.32 On addition of the electron withdrawing chromium 
tricarbonyl unit the association constants of the complexes with sodium and potassium 
ions were reduced as determined by the picrate method. This electron withdrawal 
presumably reduces the basicity of the catacholic crown oxygens and weakens their 
donor ability upon complexation. Also reported was an ion-selectivity reversal for the 
bis-chromium species with a higher formation constant for Na+  over  K+  in the 
dibenzo[18]crown -6 cavity which was previously unknown. Infrared spectroscopy 
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showed no variation in the carbonyl region for either compounds On complexation of 
either Na+  or  K+. 
The chromium tricarbonyl benzo[15]ciown -5  complex has also been reported 
together with a green crystalline sodium thiocyanate adduct. 33 The IR spectrum of the 
adduct alone was determined from a Nujol mull. More recent work on the same 
system34 has indicated that the chromium tricarbonyl benzo[15]crown -5  complex does 
indeed show a shift in the CO region to higher energy on complexation. This may be 
attributed to the solid-state trigonal planar conformation of the two 'catecholic' oxygens 
which are favourably orientated such that they maximise interaction with the arene it-
system and thus the Cr(CO)3 unit. On complexation with the alkali metal cations the 
crown would be expected to withdraw electron density from the metal carbonyl 
'reporting group reducing back donation to the CO it" orbitals. FTIR spectra of weak 
solutions in methanol containing increasing concentrations of NaC104 indicated the 
expected shifts to higher wavenumbers. The wavenumbers of the band maxima were 
plotted against the variation in Na concentration (0-100 mmol dm -3) and it was found 
that it could be used as a titration curve since the wavenumber shifts corresponded to 
changes in the sodium ion concentration. When potassium was used, the wavenumber 
shifts were found to be smaller than for sodium and the crown saturated at lower 
concentrations indicating a 1:2 adduct was being formed. The tricarbonyl chromium 
complex of 1 ,2-dimethoxybenzene showed little change in wavenumber on addition of 
metal ions proving the effects observed were solely due to cation-crown interaction. 
Carbonyl clusters also have distinct VCO  modes in the region 2100-1800 cm', however 
corresponding work with these 'reporting groups' has not been carried out. An attempt 
therefore, was made to synthesise similar compounds using the [Ru6C(CO)17] cluster. 
185 
Chapter 5 
5.70 Results and Discussion 
A series of benzo crown compounds were reacted directly with the cluster 20 
[Ru6C(CO)17]. The products have been isolated and fully characterised by a variety of 
methods. 
5.71 Reaction of [Ru6C(CO)17] with Benzo[15]crown - 5: Synthesis and 
Characterisation of [Ru6C(CO)14 1-C6H4C8H]605 137. 
The thermolysis of 20 [Ru6C(CO)17] in the presence of excess benzo[15]crown-5 in 
di-n-butyl ether for 4.5 h gives a dark red-brown solution together with a small amount 
of grey-black precipitate. Di-n-butyl ether was found to be the solvent of choice over 
octane which is commonly used in cluster carbonyl thermolysis reactions. The reaction 
mixture, once cool, was initially passed through a short silica column, to remove 
insoluble side products, and washed through with dichioromethane. The resulting 
brown-red solution was reduced to dryness in vacuo. Silica coated TLC plates, pre-
treated with methanol and dried in ambient conditions, were then used for the final 
separation using dichloromethane/hexane/ethylacetate (70/25/5, v/v) as eluent. The fully 
developed plates showed three distinct bands corresponding to unreacted 20 
[Ru6C(CO)17], the brown target compound 37 and an unstable red compound 38. The 
latter fraction was isolated in low yield and appeared to consist of many isomers, which 
together with its instability and ready decomposition to starting materials, it is tempting 
to suggest that it is an intermediate whereby the cluster is coordinated to the ligand via 
the ether oxygens. Similar compounds have been isolated in reactions of group VI 
metal carbonyls with triglyme. This synthetic method represents the first example 
whereby the direct reaction of the parent cluster 20 with the fully aromatised arene is 
employed to successfully produce the arene-cluster. 
Preliminary characterisation of 37 was achieved by means of a solution infrared 
spectrum in dichioromethane, showing absorptions in the vo region typical of 11 6  
coordinated arenes along with absorptions in the Vether  region, and a positive ion fast 
atom bombardment mass spectrum. The mass spectrum gave good agreement with the 
calculated mlz value (obs. = 1280, calc. = 1279) with a characteristic carbonyl 
regression of up to 14 COs. An additional peak was found at 1302 mlz and is 
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attributable to a Na adduct. This would require scavenging of the alkali metal from 
some part of the work up. The silica used for- the separation, for instance, has an 
appreciable sodium content (up to 200 ppm according to the suppliers Merck). The final 
purification step was crystallisation from dichioromethane/pentane vapour diffusion. 
Elemental analysis gave good agreement with the formula [Ru6C(CO)14(7 6-
C6H4C18H1605)•CH2C12], in which a dichioromethane solvate molecule is 
incorporated into the crystal lattice, giving 28.05% C, 1.66% H (calc. 28.04% C, 
1.71% H). The 1 H NMR spectrum of 37 in CDC13 shows a complex set of broad 
multiplets between =3.5 and 4.2 ppm and a pair of sharp multiplets centred at =5.02 
and 5.66 ppm with equivalent integrals, corresponding to the aliphatic and aromatic 
protons, respectively. The arene protons of the uncoordinated macrocycle display a 
singlet resonance at =6.85 ppm in the same solvent, thus showing a considerable shift 
to lower frequency upon coordination to the cluster, a well established phenomenon in 
arene cluster chemistry. 
The solid-state molecular structure of 37 is shown in figure 5. 12d along with 
selected structural parameters. The hexaruthenium cluster core constitutes an 
octahedron of metal atoms encapsulating a carbide atom at their centre. The 
benzo[15]crown-5 ligand is bound to the cluster, through the catacholic arene, at an 
apical site in an 16 mode. There are two dichloromethane solvate molecules in the 
molecular lattice, one of which is closely bound to the nucleophiic crown cavity. 
The metal-metal contacts lie within a comparatively small range for such an 
arene cluster, [Ru(l)-Ru(3) 2.834(2)A to Ru(3)-Ru(4) 2.917(3)A]. The carbido atom 
is more closely bound to the ruthenium atom carrying the arene ligand, which is a 
commonly observed structural phenomenon (see Chapter 2). The arene-cluster 
bondlengths lie in the normal range, however show a pattern of long and short 
distances. The shortest distances are between the carbons C(13) and C(14) and the 
apical ruthenium atom [both 2.20(2)A], whilst the longest are between the oxygen 
bound arene carbons C(11) and C(16) [2.33(2)A and 2.337(14)A, respectively]. This 
may be due to the electron rich nature of the oxygen bound carbons through an 
interaction with the catacholic oxygens 0(1) and 0(5). Each oxygen and their 
associated aliphatic carbon atoms lie in such a conformation that they are approximately 
co-planar with the C6 arene carbons. The catacholic oxygen to arene distances are 
shorter than for the free ligand [C(11)-0(1) 1.37(2)A and C(16)-0(5) 1.35(2)A], 
which together with their conformational characteristics tends to suggest that the lone 
pairs on the oxygens interact with the arene carbons, therefore, producing an electronic 
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Figure 5.12d. The solid-state molecular structure of 37. Selected bond lengths [A] for 37. Ru(1)-C(1) 
1.93(2), 0(1)-C( 11) 1 .37(2),Ru(1)-C(13) 2.20(2), 0(l)-C(l) 1.41(3), Ru(1)-C( 14) 2.20(2), 0(2)-C(2) 
1.39(2), Ru(1)-C(15) 2.26(2), 0(2)-C(3) 1.44(2), Ru(1)-C(12) 2.28(2), 0(3)-C(4) 1.42(3), (1)-C(1 1) 
2.33(2), 0(3)-C(5) 1.45(3), Ru(1)-C(16) 2.337(14), 0(4)-C(7) 1.41(2), Ru(1)-Ru(3) 2.834(2), 0(4)-
C(6) 1.45(2), Ru(1)-Ru(2) 2.867(2), 0(5)-C(16) 1.35(2), Ru(1)-Ru(4) 2.870(2), 0(5)-C(8) 1.44(2), 
Ru(1)-Ru(5) 2.872(3), C(1 )-C(2) 1.52(3), Ru(2)-C(20 1)1.85(3), C(3)-C(4) 1.46(3), Ru(2)-C(202) 
1.86(4), C(5)-C(6) 1.48(3), Ru(2)-C(203) 1.92(4), C(7)-C(8) 1.51(3), Ru(2)-C(1) 2.04(2), C(11)-C(16) 
1.42(2), Ru(2)-Ru(6) 2.858(3), C( 1 1)-C( 12) 1.40(3), Ru(2)-Ru(3) 2.897(3), C(12)-C(13) 1.44(3), 
Ru(2)-Ru(5) 2.958(3), C(13)-C(14) 1.39(3), Ru(3)-C(302) 1.86(3), C(14)-C(15) 1.42(3), Ru(3)-C(303) 
1.87(4), C( 15)-C(16) 1.39(2), Ru(3)-C(301) 1.90(3), C(201)-0(201) 1.20(3), Ru(3)-C( 1) 2.06(2), 
C(202)-0(202) 1.17(4), Ru(3)-Ru(6)2.916(3), C(203)-0(203) 1.29(5), Ru(3)-Ru(4) 2.917(3), C(301)-
0(301) 1.18(3), Ru(4)-C(402) 1.87(2), C(302)-0(305) 1.17(5), Ru(4)-C(401) 1.87(2), C(302)-0(302) 
1.30(4), Ru(4)-C(1) 2.07(2), C(303)-0(303) 1.18(5), Ru(4)-C(403) 2.20(2), C(401)-0(401) 1.16(4), 
Ru(4)-Ru(5) 2.851(3), C(402)-0(402) 1.17(2), Ru(4)-Ru(6) 2.894(2), C(403)-0(403) 1.13(2), Ru(5)-
C(502) 1.85(2), C(501)-0(501) 1.14(3), Ru(5)-C(501) 1.87(3), C(502)-0(502) 1.18(2), Ru(5)-C(403) 
2.04(2), 0(601)-C(601) 1.11(6), Ru(5)-C(1) 2.05(2), C(602)-0(602) 1.23(5), Ru(5)-Ru(6) 2.863(2), 
C(603)-0(603) 1.11(4), Ru(6)-C(603) 1.79(4), C(100)-Cl(2) 1.730(14), Ru(6)-C(602) 1.85(4), C(100)-
C10)1.731(14), Ru(6)-C(601) 1.88(5), Ru(6)-C(1) 2.09(2). 
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The nucleophilic cavity is filled by a dichioromethane solvate molecule, and the H-SO 
distances suggest that it is strongly bound by two principal H-bonds [HlOa-0(2) 
2.395A and HlOb-0(4) 2.282A]. These distances are given in table 5.2. 
Hydrogen atom Acceptor H•••0 Distance (A) 
HlOa 0(1) 2.717 
HlOa 0(2) 2.395 
HlOa 0(3) 2.608 
HiOb 0(3) 2.927 
HiOb 0(4) 2.282 
Table 5.2. The hydrogen bonding interactions between CH202 and the crown oxygens in 37. 
The remaining coordination sphere of the cluster is accommodated by thirteen 
terminally bound COs and a bridging carbonyl which triangulates the Ru(4)-Ru(5) 
vector. 
The aliphatic methylene groups of the crown are orientated such that they 
encircle a carbonyl oxygen 0(402) (figure 5.13). This serves to support the acceptor 
oxygens in an orientation resembling that observed in crown compounds bound to Na 
cations. At the same time such an intramolecular interaction may enhance the selectivity 
of the host compound by inhibiting coordination with larger metal cations. 
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Figure 5.13. The crown methylene-CO interaction in 37. O(402)-H(2a) 2.905A, 0(402)"11(4a) 
2.894A, 0(402)H(5b) 2.813A, O(402) ... H(7b) 3.041A, 
190 
Chapter 5 
Figure 5.14: A space-filled representation of 37 
Figure 5.15: Theoretical co-complex of 37 with Na 
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5.72 Reaction of 20 •[Ru6C(  CO)] 7]with Benzo[1 8]crown-6: Synthesis and 
characterisation of [Ru6C(CO)14 J76-C6H4CjOH2006] 39. 
Thermolysis of 20 [Ru6C(CO)17] in the presence of excess benzo[18]crown -6  in di-n-
butyl ether for 4.5h yields a dark red-brown solution together with a small amount of 
grey-black precipitate. The reaction mixture, when cool, was passed through a short 
silica column, to remove charged breakdown products, and washed through using 
dichloromethane as eluent. The resulting brown-red solution was reduced to dryness in 
vacuo. Separation was achieved in a similar manner to that described for 37. 
Preliminary characterisation was achieved by means of a solution infrared 
spectrum in dichioromethane, showing absorptions in the vco region typical of 1 6 
coordinated arenes, along with absorptions in the Vether  region. A positive ion fast atom 
bombardment mass spectrum gave good agreement with the calculated mlz value 
(1311), together with a characteristic carbonyl regression showing loss of 14 COs. The 
final purification step was crystallisation from dichioromethane-pentane diffusion. 
Elemental analysis gave good agreement with the formula [Ru6C(CO)14(1 6 -
C6H4C10H2006)]•CH2C 1 2, in which a dichloromethane solvate molecule is 
incorporated into the crystal lattice, perhaps in a -similar fashion to the solid state 
structure of 37, and gave 27.3% C, 1.86% H (calc. 27.5% C, 1.87% H). The 1 H 
NMR spectrum of 39 in CDCI3 is very similar to that determined for 37 and shows a 
complex set of broad multiplets between 6=3.5 and 4.2 ppm corresponding to the 
aliphatic protons and a pair of sharp multiplets centred at 6=5.02 and 5.65 ppm, 
corresponding to the aromatic protons. The arene protons of the uncoordinated 
macrocycle show a shift to lower frequency on coordination to the cluster; as for 37. A 
representation of a theoretical 39K adduct is given in figure 5.16. 
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Figure 5.16. Theoretical co-complex of 39 with K 
5.73 Reaction of 20 [Ru6C(CO)17] with Dibenzo[18] crown -6.  Synthesis and 
characterisation of [Ru6C(CO)14 (716-C6H4C8H1606C6H4)] 40. 
Thermolysis of 20 [Ru6C(CO) 171  in the presence of excess dibenzo[ 1 8]crown-6 in di-
n-butyl ether for 4.5h yields a dark red-brown solution together with a small amount of 
grey-black precipitate. The reaction mixture, when cooled, was initially passed through 
a short silica column, to remove charged breakdown products, and washed through 
with dichioromethane. The resulting brown-red solution was reduced to dryness in 
vacuo. Separation was achieved in a similar manner to that described for 37. 
Preliminary characterisation was achieved by means of a solution infrared 
spectrum in dichioromethane, showing absorptions in the vco region typical of 1 6 
coordinated arenes along with absorptions in the Vether  region, similar to 37 and 39, 
and a positive ion fast atom bombardment mass spectrum. The mass spectrum gave a 
strong peak at m/z 1394 amu and is attributable to the Na adduct (from scavenged 
sodium), together with a characteristic carbonyl regression showing loss of 14 COs. 
The final purification step was crystallisation from dichloromethane-pentane diffusion. 
Elemental analysis gave good agreement with the formula [Ru6C(CO)14(11 6-
C6H4C8H1606C6H4).CH2C12], in which a dichloromethane solvate molecule is 
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incorporated into the crystal lattice, perhaps in a similar fashion to the solid-state 
structure of 37, and gave 29.3% C, 1.91% H (calc. 29.7% C, 1.8% H). A +FAB 
mass spectrum of a co-complex with K+SCN  gave a molecular ion peak centred at 
1410 (caic 1410). A representation of this 39.K adduct is given in figure 5.17. 
Figure 5.17. A representation of the 40.K adducL 
5.80 Some Conclusions and Further Work. 
The synthetic approach, whereby an aryl-crown ether is reacted directly with the cluster 
(20 [Ru6C(CO)171), has proved a successful method for the synthesis of a range of 
host-cluster systems. Mass spectral evidence suggests that co-complexation takes place 
with alkali metal cations. The original aim of using shifts in the v 0 region of the 
infrared spectrum has been shown to be an unlikely method of indication of 
complexation due to the complex nature of the cluster carbonyl stretching frequencies 
and the dilution effect of so many CO's. However, the clusters show strong 
absorptions in their UV-Vis. spectra and it would therefore seem sensible to record 
absorption spectra of the compounds in this region of the electromagnetic spectrum. 
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Ammonium ions have been shown to complex strongly with crown ethers. 
Hence a simple and straightforward extension of the work presented herein would be to 
assemble cluster-crown-NH3R complexes. A further step would be to attempt 
solid/solution state ordering of the complexes with di- or tri-ammonium salts. The 
clusters are also redox-active and therefore give an opportunity to both use shifts in the 
reduction potentials as a sensor of guest concentration, as well as to create dianionic 
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Chapter 6: Experimental 
6.2.10 Experimental Section for Chapter 2. 
6.2.11 General 
All reactions were carried out with the exclusion of air using solvents freshly 
distilled under an atmosphere of nitrogen. Subsequent work-up of products was 
achieved without precautions to exclude air. IR spectra were recorded on a Perkin-
Elmer 1600 series FTIR in CH20 2  using NaCl cells. Positive fast atom bombardment 
mass spectra were obtained using a Kratos MS50TC spectrometer, using CsI as 
calibrant. 1 H NMR spectra were recorded in CDC1 3 using a Bruker 360B MHz 
instrument, and referenced to internal TMS. Separation of products was accomplished 
with Merck thin layer chromatography (TLC) plates as supplied; 0.25mm layer of 
Kieselgel 60 F254. R113(C0)12 and R116C(C0)17 were prepared by the literature 
procedures. 8 '9  Biphenyl, diphenylmethane, bibenzyl,trans - stilbene and n-octane were 
purchased from Aldrich Chemicals and used without further purification. 
6.2.20 Synthesis 
Preparation of [Ru6C( CO) j( i 6- C6H5C6H5)] 1, [Ru6C(CO)14( 71 6 C6H5( CH2)C6H5] 
2, Ru6C(CO)140 6- C6H5(CH2)2C6H5)] 3 and [Ru6C(CO)14(716- C6H5(CH2)3C6H5)] 
4. Method A. 
Ru3(CO)12 (1.00 g) was refluxed in n-octane (40 ml) with the appropriate bis-
arene (200 mg) for 6 h. IR spectroscopy indicated complete consumption of the starting 
material. The solvent was removed in vacuo and the residue separated by TLC using a 
solution of dichloromethane/hexane (30:70) as eluent. The major red-brown band was 
extracted and characterised. 
Preparation of [Ru6C(CO)14(11 6- C 6H5(CH2)2C6H 5)] 3, [Ru6C(CO)14(7 6-
C6H5(CH) 2 C6H5] 5. Method B. 
Ru6C(CO)17 (0.25 g) was placed in a 200m1 autoclave along with hexane (20 
ml) and trans - stilbene (1.00 g) and sealed under N2. The vessel was then heated for 6 
h. at 433K. After cooling to room temperature the solvent was removed in vacuo and 
the residue separated by TLC using a solution of dichloromethane/hexane (30:70) as 
eluent. The two major red-brown bands were extracted and characterised. 
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Spectroscopic data for 1: JR ( CH2C1 2 ): V (CO) 2076(m), 2060(m), 
2035(sh), 2026(vs), 1988(w) cm -1 ; ' H NMR (CDCI3): 6 7.41 (m, 3H), 7.29 (m, 
2H), 5.91 (m, 2H), 5.72 (m, 2H), 5.56 (m, 1H), ppm; MS: M + = 1167 (caic. = 
1165) a.m.u. 
Spectroscopic data for 2: JR ( CH2 C1 2 ): v (CO) 2077(m), 2054(m), 
2034(sh), 2027(vs), 1988(w) cm-1 ; ' H NMR (CDC13): 6 7.27 (m, 3H), 7.10 (m, 
2H), 5.62 (m, 4H), 5.26 (m, 1H), 3.52 (s, 2H), ppm; MS: M + = 1179 (caic. = 
1179) amu. 
Spectroscopic data for 3: IR ( CH2C1 2 ): V (CO) 2075(m), 2034(sh), 
2025(vs), 1985(w), 1819(w.br) cm -1 ; ' H NMR (CDC13): 6 7.23 (m, 311), 6.97 (m, 
2H), 5.50 (m, 2H), 5.27 (m, 2H), 5.19 (m, 1H), 2.86 (m, 2H), 2.51 (m, 2H) 
ppm; MS: M + = 1193 (caic. = 1193) a.m.u. 
Spectroscopic data for 4: JR ( CH2C1 2 ): V (CO) 2076(m), 2034(sh), 
2025(vs), 1999(sh), 1884(s), 1870(s), 1817(w.br) cm - '; 'H NMR (CDC13): 6 725 
(m, 311), 7.11 (m, 2H), 5.57 (m, 211), 4.96 (m, 2H), 5.23 (m, 1H), 2.63 (t, 2H, 
J=7 Hz), 2.24 (t, 211, J=7 Hz), 1.86 (d of t, 2H, J=7 Hz) ppm; MS: M + = 1207 
(caic. = 1207) a.m.u. 
Spectroscopic data for 5: JR ( C1120 2 ): v (CO) 2075(m), 2054(s), 2033 
(s.sh), 2025(vs), 1982(w), 1922(w), 1815(w.br) cm -1 ; 1 H NMR (CDC13): 6 7.40 (m, 
5H), 7.06 (d, 1H, J=16 Hz), 6.49 (d, 111, J=16 Hz), 5.81 (m, 211), 5.69 (m, 28), 
5.36 (m, 1H) ppm; MS: M= 1191 (caic. = 119 1) a.m.u. 
Crystallographic data for Compounds 1-3. 
Crystallographic information and details of measurements are summarised in 
Table 6.1. Diffraction intensities for 1 and 2 at 150K and 3 at 298K were collected on 
a Stöe Stadi - 4 four-circle diffractometer equipped with an Oxford Cryosystems low 
temperature device 1 . The structures were solved by direct methods 2 and refined by full-
matrix least squares. 3 Data were corrected for absorption, initially by means of jJ-scans 
and finally using DJFABS. 3 Ruthenium and oxygen atoms were refined 
anisotropically. The H atoms were added in calculated positions (C-H 0.97 A for the 
methylenic and 0.92 A for the aromatic hydrogen atoms) and refined 'riding' on their 
respective carbon atoms. 
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0.0660, 0.0883, 1.498 
9.8619, 0.0 
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Synthesis and characterisation of [Ru6C(CO)14 i7 6-C6H5C6H4Me] 6a & 6b, 
[Ru6C(CO) 14 11 6-C6H5C6H4Et] 7, [Ru6C(CO)14 i1 6-C6H5C6H4Ph] 8 & [Ru6C(CO)14 
6 CJ5C6H3Ph2] 9-Method A. 
Ru3(CO)12 (1.00 g) was refluxed in n-octane (40 rid) with the appropriate bis-
arene (300 mg) for 6 h. JR spectroscopy indicated complete consumption of the starting 
material. The solvent was removed in vacuo and the residue separated by TLC using a. 
solution of dichloromethane/hexane (30:70) as eluent. The major red-brown band was 
extracted and characterised. 
Spectroscopic data for 6a: JR (CH202 ): v (CO) 2076(m), 2034(sh), 2025(vs), 
1980(w), 1968(w), 1812(br.w) cm -1 ; ' H NMR (CDC13): 8 7.20 (s, 4H), 5.89 (m, 
2H), 5.69 (m, 2H), 5.54 (m, 1H), 2.41 (s, 3H), ppm; MS: M= 1178 (caic. = 
1178) a.m.u. 
Spectroscopic data for 6b: JR (CH2C12 ): v(co) 2076(m), 2034(sh), 2025(vs), 
1980(w), 1968(w), 1812(br.w) cm -1 ; ' H NMR (CDC13): 8 7.38 (m, 3H), 8 7.23 (m, 
2H), 5.94 (m, 2H), 5.73 (m, 211), 2.19 (s, 3H) ppm; MS: M= 1178 (caic. = 
1178) a.m.u. 
Spectroscopic data for 7a: JR (CH2C1 2 ): 
v(co) 
 2075(m), 2068(m), 2047(sh), 
2035(sh), 2025(vs), 2004(w), 1985(w), 1968(w), 1816(br.w) cm -1 ; ' H NMR 
(CDC13): 8 7.22 (s, 4H), 5.92 (m, 2H), 5.69 (m, 2H), 5.57 (m, 1H), 2.71 (q, 2H), 
1.26 (t, 3H)ppm; MS: M+ = 1193 (caic. = 1193) a.m.u. 
Spectroscopic data for 7b: JR (CH20 2 ): v(Co) 2075(m), 2068(m), 2047(sh) 
2035(sh), 2025(vs), 2004(w), 1985(w), 1968(w), 1816(br.w) cm -1 ; 1 H NMR 
(CDC13): 8 7.39 (m, 3H), ö 7.22 (m, 2H), 5.94 (m, 2H), 5.72 (m, 2H), 2.21 (q, 2H), 
0.87 (t, 3H) ppm; MS: M + = 1193 (caic. = 1193) a.m.u. 
Spectroscopic data for 8: JR (CH2C1 2 ): 
v(CO) 
 2076(m), 2054(s), 2035(sh), 
2025(vs), 2002(m), 197 1(w), 1882(br.w) cm -1 ; 'H NMR (CDC13): 8 7.64 (m, 4H), ö 
7.42 (m, 5H), 5.96 (m, 2H), 5.71 (m, 2H), 5.57 (m, 1H) ppm; MS:M= 1242 (calc. 
= 1241) a.m.u. 
Spectroscopic data for 9: JR (CH2C1 2 ): 
v(co) 
 2076(m), 2035(sh), 2025(vs), 
1968(w), 1811(br.w) cm -1 ; ' H NMR (CDC13): ö 7.50 (m, 13H), ö 6.09 (m, 2H), 
5.77 (m, 2H), 5.58 (m, 1H) ppm; MS: M= 1319 (calc. = 1317) a.m.u. 
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Crystallographic data for Compounds 6 and 7b. 
Crystal data for 6. C28H12014Ru6 M=1178.80, triclinic, P-i, a=14.166(4), 
b=14.984(5), c=15.3 17(5) A, ct=95.83(3)°, 3=104.79(2)°, y--101.02(2), V=3 139(2) 
A, Z=4, D=2.494 Mg/M3 ,  X=0.71073 A, T=150(2)K, p.=2.883 mmd. Data were 
collected on a Stoe Stadi - 4 four-circle diffractometer equipped with an Oxford 
Cryosystems low temperature device 1 , using a crystal of dimensions 0.35 x 0.35 x 
0.19 mm, mounted directly from solution, by the 0/w method (3°<20<45°). Of a total 
of 8434 reflections collected, 8177 were independent. Data were corrected for 
absorption using Psi scans (T max=0.236,Tm in=0.092). The structure was solved by 
direct methods (SHELXTL PLUS) and refined by full matrix least squares analysis on 
F2 with R1={F>4(F)} and wR2(all data) to 0.0359 and 0.0801, respectively. 5 H 
atoms were placed in calculated positions and allowed to refine 'riding' on their C 
atoms. Largest peak and hole in final difference map 1.468 and -1.179 eA 3 . 
Crystal data for 7b. C30H16C12014Ru6 M= 1277.77, monoclinic, P21, a=27.916(2) A, 
b=19.111(2) A, c=14.445(11) A, 0=1 11.224(7) 0 , V7184(6) A3 ,z=8, D=2.337 
Mg/m3 , A=0.71073 A, T=150(2)K, ji=2.672 mm -1 . Data were collected on a Stöe-
Stadi four-circle diffractometer equipped with an Oxford Cryosystems low-temperature 
device, 1 using a crystal of dimensions 0.14 x 0.20 x 0.12 mm, mounted directly from 
solution, by the 91w method (5 0<20<500). Of a total of 6239 reflections collected, 6050 
were independent. Data were corrected for absorption using Psi scans [T max 0.388, 
Tmin0.06 1]. 5  The structure was solved by direct methods (SHELXTL PLUS) and 
refined by full matrix least squares analysis on F2 with R1={F>4(F)} and wR2(all 
data) to 0.0526 and 0. 1786, respectively. H atoms were placed in calculated positions 
and allowed to refine 'riding' on their C atoms. Largest peak and hole in final 
difference map +1.869 and -1.796 eA 3 . 
Synthesis and characterisation of [Ru6C(CO)14 17 6 C6H5CHMe C6H 5] 10, 
[Ru6C(CO)14 J76- C6H5CH: CH2C6H5] 11, [Ru7C(CO)14 1U3: y2 6: C61-14CH2C6H4] 
12. 
Ru3(CO)12 (1.00 g) was refluxed in n-octane (40 ml) with 1,1-diphenylethene 
(300 mg) for 6 h. JR spectroscopy indicated complete consumption of the starting 
material. The solvent was removed in vacuo and the residue separated by TLC using a 
solution of dichioromethane/hexane (30:70) as eluent. Two major red-brown bands and 
a minor darker band were extracted and characterised. 
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Spectroscopic data for 10: JR (CH2C12 ): v(co)  2076(m), 2035(sh), 20250s), 
1985(w), 1968(w), 1816(br.w) cm -1 ; 1 H NMR (CDC13): 6 7.26(m, 3H), 67.05 (m, 
2H), 5.89(m, 1H), 5.56 (m, 1H), 5.51(m, 1H), 5.34 (m, 1H), 5.32 (m, 1H), 3.84 (q, 
1H), 1.43 (d, 3H) ppm; MS: M= 1192 (caic. = 1193) a.m.u. 
Spectroscopic data for 11: JR (CH2C1 2 ): v(co)  2070(m), 2033(sh), 2023(vs), 
1996(br.m), 1816(br.w) cm -1 ; 1 H NMR (CDC13): 6 7.52 (m, 2H), 6 7.39 (m, 3H), 
6.31 (m, 1H), 6.01 (m, 1H),.5.81 (m, 1H), 4.71 (m,1H), 4.47 (m, 1H), 3.88 (m, 
111), 2.57 (rn, 1H) ppm; MS: M= 1190 (calc. = 1191) a.mu. 
Spectroscopic data for 12: JR (CH2C1 2 ): v(co)  2067(m), 2055(sh), 2023(vs), 
1970(s), cm- '; MS: M + = 1290 (calc. = 129 1) a.m.u. 
Crystal data for 11 and 12. 
Crystal data for 11. C29H12014Ru6 M=1 192.82, monoclinic, P2i/a, a= 11.644(4) A, 
b=16.546(3) A, c=17.650(2) A, =105.56(3)°, V=3275.8(13) A, Z=4, D=2.419 
Mg/M3 , X=0.71073 A, T=293(2)K, p=2364 mm -1 . Data were collected on a Stöe- 
Stadi four-circle diffractometer equipped with an Oxford Cryosystems low-temperature 
device,' using a crystal of dimensions 0.16 x 0.20 x 0.15mm, mounted directly from 
solution, by the 0/co method (3°<20.cz500). Of a total of 6127 reflections collected, 5740 
were independent. The structure was solved by direct methods (SHELXTL PLUS) 4 
and refined by full matrix least squares analysis on F2 with R1={F>4(F)} and 
wR2(all data) to 0.0499 and 0.0946, respectively. H atoms were placed in fixed 
calculated positions. Largest peak and hole in final difference map +2.033 and -1.671 
eA 3 . 
Crystal data for 12. C28H10014Ru7 M=1277.85, orthorhombic, Pbcm,  a=9.664(3) A, 
b=21.556(6) A, c=14.748(3) A, V=3072.3(14) A, Z=4, D=2.763 Mg/rn3 , 
X=0.71073 A, T=150(2)K, i=3.419 mm -1 . Data were collected on a StOe-Stadi four- 
circle diffractometer equipped with an Oxford Cryosystems low-temperature device, 1 
using a crystal of dimensions 0.10 x 0.12 x 0.15mm, mounted directly from solution, 
by the Oko method (3°<20<50°). Of a total of 4622 reflections collected, 2108 were 
independent (R 1 =0.0607). The structure was solved by direct methods (SHELXTL 
PLUS)4 and refined by full matrix least squares analysis on F2 with R1=F>4(fl} 
and wR2(all data) to 0.0336 and 0.0912, respectively. H atoms were placed in fixed 
calculated positions. Largest peak and hole in final difference map +0.850 and -1.495 
eA. 
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6.3.20 Experimental Section for Chapter 3. 
6.3.21 General 
All reactions were carried out with the exclusion of air using solvents distilled under an 
atmosphere of nitrogen. Subsequent work-up of products was achieved without 
precautions to exclude air. JR spectra were recorded on a Perkin-Elmer 1710 series 
FTIR instrument in CH2C1 2 using NaCl cells (0.5 mm path length). Positive ion fast 
atom bombardment mass spectra were obtained using a Kratos MS50TC spectrometer, 
using CsI as calibrant. 'H NMR.spectra were recorded in CDC1 3 or C13202 using a 
Bruker AM360 instrument, referenced to internal TMS. Separation of products was 
accomplished by thin layer chromatography (TLC) using plates supplied by Merck, 
0.25mm layer of Kieselgel 60 F254. The cluster [Ru6C(CO)17] 20 was prepared by the 
standard literature procedure. Diphenylfulvene (dpf) and dimethylfulvene (dm1) were 
purchased from Aldrich and used without further purification. Dicyclopentadiene was 
cracked into monomer units prior to use and trimethylamine N-oxide was sublimed 
before use. 
6.3.22 Synthesis 
Reaction of[Ru6C(CO)17]  20 with Trimethylamine N-oxide in the presence of dpf-
Synthesis of compound 13. 
To a solution of 20 (500 mg) in dichloromethane (50 mL), and dmf (2 mL) or dpf (500 
mg), cooled to -78°C, a solution of Me3NO (84 mg, 2.1 mol equivalent) in 
dichioromethane (15 mL) was added dropwise over a period of 10 mm. The solution 
was brought to room temperature with stirring. JR spectroscopy indicated complete 
consumption of starting material. The solvent was removed in vacuo and the residue 
purified by column chromatography on silica (60 mesh). Elution with hexane gave a 
yellow-orange band of unreacted dmf or dpf. Further elution with dichloromethane-
hexane (1:4, v/v) yielded a bright red band, which was characterised as 
[Ru6C(CO)15(p-1 2 :T 2-05H4CPh2)] 13 (42 %) a dark red solid. 
Spectroscopic data for 13: JR (CH 2Cl 2): v (CO) 2081 (m), 2046 (vs), 2035 
(vs), 1837 (w.br) cm-1 ; ' H NMR (CDC1 3 , 298K): ö 7.32 (m, 611), 8 7.14 (m, 4H), 
5.54 (m, 2H), ö4.55 (m, 2H); MS: M = 1268 (calc. 1268) amu. 
Reaction of [Ru6C(CO) j]  20 with trimethylamine N-oxide in the presence of dmf or 
dpf—Synthesis of compounds 14 and 15. 
To a solution of 20 (500 mg) in dichloromethane (50 mL), and dmf (2 mL) or dpf 
(500mg), cooled to -78°C, a solution of Me3NO (124 mg, 3.1 mol equivalent) in 
dichloromethane(15 mL) was added dropwise over a period of 10 mm. The solution 
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was brought to room temperature with stirring. JR spectroscopy indicated complete 
consumption of starting material. The solvent was removed in vacuo and the residue 
purified by column chromatography on silica (60 mesh). Elution with hexane gave a 
yellow-orange band of unreacted dmf/dpf. Further elution with dichioromethane-
hexane (1:4, v/v) yielded a bright red band, which was characterised as 
[Ru6C(CO)14(93-a:1 2 :11 3-05H4CPh2)] 14 (71 %) or [Ru6C(CO)14(93-:11 2 :1 3 -
C5H4CMe2)] 15 (24 %) both dark red solids. 
Spectroscopic data for 14: JR (CH2C12): V (CO) 2077 (m), 2041 (s), 2025 
(vs). 1815 (w.br) cm-1 ; 'H NMR (CDC13 , 298K): 8 7.24 (m, 6H), 8 7.11 (s, 4H), ö 
5.04 (s, 2H), 5 2.86 (s, 2H); MS: M + = 1240 (caic. 1240) a.m.ü. (Found: C, 31.9; 
H, 1.21. Caic. for C33H14014Ru614: C, 32.2; H, 1.11 
Spectroscopic data for 15: JR ( CH2C1 2 ): V (CO) 2078 (rn), 2040 (s), 2024 
(vs) and 1810 (w, br) cm -1 ; ' H NMR (CDC13, 223K): 8 5.72 (in, 114), 4.22 (in, 
1H), 3.71 (rn, 1H), 2.34 (s, 311), 1.99 (m, 1H), 1.78 (s, 3H). ppm; MS: M + = 
1117 (calc. = 1117) a.m.u. Found: C, 24.9; H, 0.88. CaIc. for C23H10014Ru6 15: C, 
24.74; H, 0.91 %. 
Therinolysis of 15 in dichioromethane-acetonitrile—Synthesis of compound 16. 
A solution of 15 (50 mg) in dichlorornethane (50 mL) and acetonitrile (1.0 mL) were 
warmed to near reflux for 20 mm. JR spectroscopy indicated a large degree of 
conversion. The solvent was removed in vacuo and the residue purified by thin layer 
chromatography on silica plates. Elution with dichloromethane-hexane (1:3, v/v) gave a 
brown band and a faint red band due to unconverted starting material. The brown band 
was extracted by washing with dichioromethane and subsequently evaporated to 
dryness in vacuo to give [Ru6C(CO)13 J.t-r 3 :1 5 C5H4C(CH2)21CH2C12 16,a very 
dark brown solid (45 mg, 91 %).  
Spectroscopic data for 16: JR (CH202): v(CO) 2072(m), 2048(s), 2039(vs), 
2026(m), 2010(vs), 1999(vs) and 18 15(w) cm-1 ; ' H NMR (CDC13): ö 5.51 (m, 211), 
3.79 (m, 2H), 3.15 (m, 2H), 1.49 (m, 2H) ppm; MS: M'= 1087 (calc. = 1087) 
a. m. U. 
Reaction of [Ru6C(CO)17] 20 with trimethylamine N-oxide in the presence of 
cyclopentadiene—Synthesis of compound 17. 
To a solution of [Ru6C(CO)17] 20 (100 mg) in dichloromethane (20 mL) containing 
cyclopentadiene (1.0 mL), cooled to 195 K, a solution of Me3NO (36 mg, 2.5 mol. 
equiv.) also in dichioromethane (2 mL) was added dropwise. Allowing the solution to 
warm slowly to room temperature over a period of about 40 minutes results in a 
darkening of the solution to a deep brown colour. Chromatographic separation of the 
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products on silica, eluting with dichioromethane-hexane (1:4, vlv), results in the 
isolation of several products, including Ru6C(CO)14(92-11 5 :11'-05H4CH2) 17 (brown, 
7%). 
Spectroscopic data for 17: JR (CH 2C12): v(CO) 2077(m), 2046(vs), 2022(s), 
2004(m, sh), 197 1(m), 1830(w, br) cm- 1 ; ' H NMR (CDC13): ö 5.61 (m, 2H), 3.72 
(m, 2H), 2.35 (m, 2H) ppm; MS: M= 1089 (caic. = 1089) a.m.u. 
Reaction of IRu6C(CO)14 (113-a:11 2 :113-05H4C(CH3)2)] 15 with dmf and Me3NO-
Synthesis of compound 18. 
To a solution of 15 (50 mg) in dichloromethane (50 mL), water (1 iL) and dm1 (0.25 
mL), and the solution cooled to 195K. A solution of Me3NO (8.1 mg, 2 mol 
equivalent) in dichloromethane (15 mL) was added dropwise over a period of 10. 
min.The solution was brought to room temperature over 30 mm. with stirring. JR 
spectroscopy indicated complete consumption of starting material. The solvent was 
removed in vacuo and the residue purified by column chromatography on silica (60 
mesh). Elution with hexane gave a yellow band of unreacted dm1. Further elution with 
dichloromethanefhexane (1:4, v/v) gave then gave a bright green band, which was 
evaporated to dryness in vacuo to give [Ru6C(CO)12 1 5 -05H4CH(Me)2 i 5 -
C5H4C(Me)20H] 18, a dark green solid (7 mg, 13%). 
Spectroscopic data for 18: JR (CH2C12 ): v (CO) 2056 (m), 2032 (vs), 2004 
(vs) cm-1 ; Mass spec. 'H NMR (CDC13): 8 5.39 (m, 2H), 5.24 (m, 2H), 5.11 (m, 
4H), 2.93 (s, 1H), 2.73 (sep, 1H, J 711z), 1.48 (s, 6H), 1.17 (d, 6H, J 7Hz) ppm; 
MS: M= 1185 (calc. = 1185) a.m.u. 
Reaction of [Ru6C(CO)1 ] 20 with trimethylamine N-oxide in the presence of 
triphenyiphosphonium cyclopentadienylide—Synthesis of compound 19. 
To a solution of 20 (500 mg) in dichloromethane (50 mL), and triphenylphosphonium 
cyclopentadienylide (500mg), cooled to -78°C, a solution of Me3NO (124 mg, 3.1 mol 
equivalent) in dichloromethane (15 mL) was added dropwise over a period of 5 mm. 
The solution was brought to room temperature with stirring. JR spectroscopy indicated 
complete consumption of starting material. The solvent was removed in vacuo and the 
residue purified by column chromatography on silica (60 mesh). Elution with 
dichioromethane-ethylacetate-hexane (1:1:2, v/v) yielded a bright red band, which was 
characterised as [Ru6C(CO)14(r1 5-05H4PPh3)} 19, a dark red solid. 
Spectroscopic data for [Ru6C(CO), 4 i5-05H4P(C6H5)31 19: JR (CH2C12) 
v(CO)/cm': 2068m, 2060s, 2018sh, 2008vs, 1945m, 1794w.br ; 'H NMR 
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((CD3)2C0): 8 7.96 (m,3H), 8 7.77 (m,9H), 8 7.69 (m,3H), 8 5.16 (m,2H), 8 4.92 
(m,2H); 31 P NMR ((CD3)2C0): 8 21.46 (s); Positive ion fast atom bombardment mass 
spectrum M obs. 1338 (caic. 1337). 
Crystal Structure Determination of Compounds 13, 14, 16, 17 and 18. 
Diffraction intensities for 13, 14, 16, 17 and 18 were collected, on a Stöe 
Stadi-4 four-circle diffractometer equipped with an" Oxford Cryosystems low 
temperature device. Crystallographic information and details of measurements are 
summarised in Table 6.3.1. H atoms in 13, 16 and 18 were placed in calculated 
positions and allowed to refine 'riding' on their respective C-atoms. H atoms in 17 
were located in AF maps and allowed to refine subject to the restraint that all C(sp 2)-H 
and C(sp3)-H distances were respectively equal and that U 0(H) = 1.2 Ueq (C) ... H 
atoms in 14 were placed in fixed calculated positions. All non-H atoms were refined 
with anisotropic displacement parameters in 13, 14 and 17. Ru and 0 atoms were 
refined with anisotropic displacement parameters in 16 and 17. At isotropic 
convergence corrections (Max 1.368, Min 0.631) for absorption were applied to 14 
using DIFABS. 
Table 6.3.1. Crystal data and details of structural analysis for 13, 14, 16, 17 & 18 
13 14 16 17 18 
C 34H 140 15 Ru6 C3 3H 14O 14Ru 6 C23 H 1 0C120 1 3 C2 1 H6  014Ru6 ç29 1­1 220 13Ru6' 
Ru6 
1268.87 1240.90 1171.63 1104.68 1184.89 
monoclinic . monoclinic monoclinic orthorombic monoclinic 
P 211 C2/c P21 /n Pcab C21c 
18.663(3) 26.046(3) 17.468(6) 14.276(4) 19.072(3) 
9.7381(15) 18.674(3) 10.384(5) 15.688(5) 11.872(2) 
19.790(4) 17.016(2) ' 	 17.447(6) 23.015(7) 29.772(7) 
92.84(3) 121.2(7) 111.45(2) - 107.99(2) 
3592(1) 7079(2) 2946(2) 5155(3) 6412(2) 
4 8 4 8 8 
2.346 g/cm 3 2.328 g/cm 3 2.642 g/cm 3 2.847 g/cm 3 2.455 g/cm 3 
2.531 mm-1 2.512 mm- 1 3.244 mm 3.503 mm 2.821 mm -1  
2408 4704 2200 4128 4512 
0.47 x 0.11 x 0.08 x 0.29 x 0.25 x 0.25 x 0.60 x 0.60 x 0.25 x 0.25 x 
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Psi scans' [T,T) 
Data / restraints I 
parameters 
Goodness-of-fit on F2 
Final R indices 
R [I>2sigma(I)] 
wR (all data) 
Largest duff, peak and 
hole 	(e.k 3 ) 
2.55 to 25.03 	2.59 to 22.47 	2.51 to 22.54 	2.60 to 22.52 	230 to 22.48 
-22<=h<=22, -27<=h<=23, -18<=h<=17, 
0<=k<=1 1, 0<=k<=20, 0<=k<=1 1, 
0<=l<=23 0<=k=16 0<=l<=16 
7618 3778 3057 
6248 3778 3043 
0.558,0.495 0.981,0.722 - 
6248/0/493 3778/198/ 3027/0/282 
478 
1.089 1.021 0.984 
0.0398 0.0529 0.0370 0.0365 0.0455 
0.0899 0.1390 0.1092 0.0863 0.1358 
1.115 & -0.916 1.124 & -1.036 0.726 & -0.926 0.996 & -0.877 1.056 & -1.122 
Common parameters : wavelength 0.71073A(Mo-K (x); I = 150.0(2)K; structure solution: direct 
methods 3 ; refinement method : full-matrix least squares 4. 
Crystal data for [Ru6C(CO)14 i5-05H4P(C6H5)31 19: C38H19014P1R116, M = 
1336.92, monoclinic, space group P21/c , a = 10.646(4), b = 26.823(8), c = 
14.278(4) A 3 = 104.53(3)°, V = 3947(2) A3 , Dc = 2.250 g cm-3 , Z = 4, Mo - Ka 
radiation, ? = 0.71073 A, .t = 2.512 mm-1 , T = 150K. Stöe-Stadi 4 four circle 
diffractometer equipped with an Oxford Cryosystems low-temperature device. 1 A total 
of 5529 reflections were collected, including 5186 independent reflections 5<20<450 
(Rint = 0.0215), semi-empirical absorption correction 5 applied (minimum and 
maximum transmission factors 0.680 and 0.713 respectively). Structure solved by 
direct methods (Ru) 3 and completed by full matrix least-squares refinement 4 on F2 . 
Hydrogen atoms were placed in calculated positions and refined riding on their 
respective C atoms (Uu50(H) = 1.2 Ueq (C)). Refinement converged at R = 5.36% 
(based on F and 3836 reflections with F >4c (F )), wR2 = 12.19% (based on F 2 and 
5095 data), S = 1.094, for 340 parameters, including anisotropic displacement 
parameters for all non-H atoms. In the final diff. synthesis no feature lay outwith +1.11 
and -0.82 eA 3 . 
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6.40 Experimental Section for Chapter 4. 
6.41 General 
All reactions were carried out with the exclusion of air using solvents dried and distilled 
under an atmosphere of nitrogen. Subsequent workup of products was achieved 
without precautions to exclude air. IR spectra were recorded on a Perkin-Elmer 1710 
series FTIR instrument in CH2C1 2 using NaCl cells (0.5 mm path length). 1 H NMR 
spectra were recorded in CDC1 3 and CD2CT 2 using a Bruker AM360 instrument, 
referenced to internal TMS; 31 P-NMR spectra were recorded on Bruker AM 360, 
Bruker AC 250 and Bruker WP 200 spectrometers. The used frequency is given under 
each spectrum in the Results and Discussion section. Measurements were performed by 
Wesley G. Kerr, Dr David Reed and John R. A. Millar. For 'H-spectra, residues of 
non-deuterated solvents were used for calibration, for 31 P-spectra, 85% phosphoric 
acid was used as an external standard. Abbreviations used are: s = singlet, t = triplet, in 
= multiplet, br = broad. Separation of products was accomplished by thin layer 
chromatography (TLC) using plates supplied by Merck, 0.25mm layer of Kieselgel 60 
F254. Ruthenium and osmium clusters were prepared by standard methods, cobalt and 
iron carbonyls and tris(triphenylphosphine)platinum were gifts from other groups in the 
department. 1,1' -bis(diphenylphosphino)ferrocene (dppf) was purchased from Aldrich 
and used without further purification. 
As almost all substances concerned with the synthesis of cobaltocene 
derivatives are air- and water-sensitive, Schlenk-techniques have always been used 
where nothing else is mentioned. All solvents were dried using sodium or potassium, 
sometimes an alloy of both metals, and heating under reflux for at least one day in a 
nitrogen atmosphere. Then, they were distilled and kept in nitrogen flasks. The 
oxygen-free nitrogen gas used was purchased from the British Oxygen Company 
(BOC). It was not treated before use. A mechanic vacuum pump was used to obtain a 
high vacuum in the Schlenk line. All reaction vessels and other glassware were heated 
with a Bunsen burner or a hot air fan while being evacuated before use. Reactions were 
performed either in three necked round-bottomed flasks or in Schienk tubes. 
Crystallisations were performed in air-tight crystallisation tubes filled with nitrogen. 
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6.42 Synthesis 
Preparation of [Ru6C(CO)16 {Fe(C5H4P(Ph)2)2}] 2. A 100-mg amount of 1 (0.091 
mmol) and a 48-mg amount (0-091 mmol) of dppf were dissolved in 35 mL of THE 
The resulting solution was refluxed for 1 h under a nitrogen atmosphere. After cooling 
to room temperature the solvent was removed in vacuo. Separation of products was 
achieved by TLC using dichloromethane/hexane as eluent (3:7 v/v). The major red-
brown band 2 was extracted with dichioromethane as the major product (90%) along 
with a small amount of green 3 (ca. 5%). 
Thermolysis of 2.-Preparation of [Ru6C(CO) j5(z-(Fe(C5H4P (Ph)2)2])] 3. A 50-mg 
amount of 2 (0.029 mmol) was dissolved in 35 mL of THE The resulting solution was 
refluxed for 5 h under a nitrogen atmosphere. After cooling to room temperature the 
solvent was removed in vacuo. Separation of products was achieved by TLC using 
dichioromethane/hexane as eluent (1:3 v/v). A red-brown band of unconverted 2 was 
extracted with dichioromethane (ca. 35%) along with green 3 (ca. 55%) as the major 
product. Alternatively reflux in cyclohexane (35 mL) for 1.5 h gave the following 
product distribution; 25% 2, 70% 3, 5% 4. 
Thermolysis of 2.-Preparation of [Ru5C(CO)13 {1u-Fe(C5H4P(Ph)2)2]1 4. A 50-mg 
amount of 2 (0.029 mmol) was refluxed in 35 mL of octane for 3 h under a nitrogen 
atmosphere. After cooling to room temperature the solvent was removed in vacuo. 
Separation of products was achieved by TLC using dichloromethane/hexane as eluent 
(2:3 vlv). A very feint red-brown band of unconverted 2 was extracted with 
dichioromethane (ca. 1%) along with green 3 (ca. 40%) and bright purple 4 (55%) as 
the major product. 
Thermolysis of 3.-Preparation of [Ru5C(CO)13 {1u-Fe(C5H4P(Ph)2)2}] 4. A 25-mg 
amount of 2 (0.013 mmol) was refluxed in 35 mL of octane for 2 h undera nitrogen 
atmosphere. After cooling to room temperature the solvent was removed in vacuo. 
Separation of products was achieved by TLC using dichloromethane/hexane as eluent 
(2:3 v/v). A green band of unconverted 3 was extracted with dichloromethane (ca. 
20%) and bright pink 4 (75%) as the major product. 
Direct Synthesis of [Ru5C(CO)13 {# -Fe(C5H4P (Ph)2)2]  1 4. A 25-mg amount of 6 
(0.027 mmol) and a 15-mg amount (0.027 mmol) of dppf were dissolved in 15 ML of 
THE The resulting solution was stirred for 1 min under a nitrogen atmosphere. 
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Effervescence indicated evolution of CO. After the solvent was removed in vacuo, 
purple 4 was purified by crystallisation by solvent diffusion using 
dichioromethane/hexane. Dark purple crystals of 4 were grown overnight and 
identified as the only product (99%). 
Synthesis of 1,1 '-Bis(diphenylphosphino)cobaltocene (dppc) 
This synthesis is similar to the one given in Rudie et al.2 until before the oxidation step 
and uses some ideas from DuBois et al.'s method  as well. However, some 
improvements have been made and the whole procedure is given here. 
Drying of CoG12 
Water free cobalt chloride was made from CoC1 2 6 H20 that was dried with thionyl 
chloride. 36 g (0.15 mol) CoC12 • 6 H20 was pulverised using a mortar and pestil. 90 
ml (1.25 mol, 66% excess) SOC1 2 were added in a round-bottomed nitrogen flask with 
condenser. The mixture was then heated under reflux for 5 hours until the light blue 
colour indicated dryness of the CoC1 2. Care was taken to dispose of all toxic gases 
(SO2, HC1) under the fume cupboard. Excess thionyl chloride was removed under 
vacuum while heating. 
Dicyclopentadiene Cracking to Cyclopentadiene 
100 ml (98 g, 0.741 mol) dicyclopentadiene was heated under reflux. (C 5H6 ) 2 is 
cracked by a retro-Diels-Alder reaction under these conditions. The product was 
collected in a liquid collector until circa 60 ml had been yielded. This liquid contained 
about 80% monomer as a distillation showed. To avoid redimerisation the 
cyclopentadiene was used immediately. 
Sodiumcyclopenradienide Dimethoxyethane 
14.5g (0.6307 mol) sodium in small pieces was stirred in circa 200 ml DME at -20 °C. 
Then a big excess of freshly distilled cyclopentadiene (85 ml, 1.035 mol, 64% excess) 
was added through a pressure-equalising dropping funnel. The mixture was then 
allowed to warm up to room temperature and vigorously stirred overnight. After all 
sodium had reacted, the mixture had a red colour and consisted mainly of a crystalline 
solid. When the solvent was removed under vacuum, red-brown crystals of NaCp. 
DME yielded. DME chelates Na and therefore stabilises NaCp. 
1 -(Diphenylphosphino)cyclopenradiene 
12.67 g (70.7 mmol) NaCp . DME was dissolved in 100 ml THF and cooled to -78 °C. 
15.8 g (13.2 ml, 71.8 mmol, 1.6% excess) chlorodiphenylphosphine, C1PPh9, 
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previously distilled at 145-160 °C under vacuum, was added via syringe and septum: 
The mixture was allowed to warm up to room temperature and stirred for 90 minutes. 
Filtering through a Schienk-frit proved impossible due to the fine crystals formed by 
the by-product NaCl. Therefore, the mixture was used as it was for the next step. 
Lithium (Diphenylphosphino)cyclopentadienide 
The reaction mixture containing the 1-(diphenylphosphino)cyclopentadiene was used 
immediately. It was assumed that the yield from that reaction was not higher than the 
81% given in the literature, thus the amounts of reactants were reduced by this figure. 
6.87 ml of a 10 mol dm -3  solution of n-butyl lithium in hexane (68.7 mmol, 20% 
excess) were added to the mixture at -78 °C via syringe. The solution was then allowed 
to warm up to room temperature and stirred over the weekend. A brown dispersion 
yielded due to the still present NaCl. 
1,1 '-Bis(diphenylphosphino)cobaltocene (dppc). 
Again, the reaction mixture from the previous step was used without further 
purification and the amounts of reactants were reduced by the literature yield of 95%. 
3.53 g (27.2 mmol) dry cobalt chloride was added at -78 °C using a counter stream of 
nitrogen and a T-working piece. The previously light brown and muddy mixture turned 
to dark red even at -78 °C. At room temperature, the colour had darkened and turned to 
a reddish black after stirring overnight. Heating under reflux for 40 minutes, whilst 
taking care because of the foam formed, brought the reaction to an end. Now, the 
solvent THF was replaced by 120 ml of toluene because the latter solvent does not 
complex lithium salts. This was necessary as LiCl was a by-product of this reaction. 
Filtration through a frit that was improved by adding 2 cm of dry Si0 2 and some glass 
wool yielded a black solution. The solvent was evaporated on a Schienk line and a 
black, non-crystalline product remained. Pure crystals were obtained by either layering 
a saturated solution in toluene with hexane or by cooling a hot saturated solution in 
toluene. A solution of the purified product dppc in THF is dark violet. 
Synthesis of 1,1 '-Bis(diphenylphosphino)cobaltocenium hexafluorophosphate (dppc+) 
Oxidation with Ferrocenium retrafluoroborate 
All steps of the synthesis of dppc (see 3.2. 1) were performed again, stopping with the 
crude product in toluene. The scale was determined by using 4.957 g (38.18 mmol) 
C002, yielding about 35.35 mmol dppc. Oxidation was done using ferrocenium 
tetrafluoroborate, FeCp 21BF4 , which was made by oxidising 6.65 g (35.35 mmol) 
FeCp2 with 6.88 g (35.35 mmol) AgBF4 in 50 ml THE The ferrocenium salt was not 
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very well soluble in THF, so it was extracted with acetonitrile thus leaving the side 
product, silver metal, behind. This solution was added to the reaction mixture together 
with 7.375 g (45.25 mol) ammonium hexafluOrophospate dissolved in a minimum of 
water to provide a big counter-ion. The yielding solution, with a dark orange colour, 
was filtered through a column of silica and eluted first with hexanelEt 20 to remove 
neutral species such as ferrocene, then with CH 202 and finally with CH 3CN to collect 
the product. Crystallisation out of the dichioromethane fraction by layering it with 
hexane and diethylether failed: a thick black oil was formed at the bottom of the 
Erlenmeyer flask used. Therefore, the remaining liquid was decanted off and quickly 
filtered through paper, yielding orange crystals and some impure product after addition 
of pentane. The overall yield of dppc+ was very low, due to the instability whilst in 
solution. 
Oxidation with Oxygen 
1.1g (1.973 mmol) dppc, the raw product from synthesis 3.2.1, was dissolved in 30 
ml THF and an excess of acetic acid (100%) and distilled water was added. Air was 
sucked through the solution, yielding a very dark yellow solution over a black residue 
at the bottom of the flask. After 3 hours, the solution was filtered through a fit funnel. 
Ammonium hexafluorophosphate (0.386g. 2.367 mmol, 20% excess) was dissolved in 
a minimum of distilled water and added to the filtrate. Ethanol (5.64 ml) was added and 
the solvent volume was then reduced using a roto-evaporator. The yielding yellow oil 
and brown solid were then chromatographed in a column packed with silica gel, using 
dichioromethane with 1-2 % THF as eluent. A very small amount of light yellow 
crystals were obtained. 
Reactions with the Hexaruthenium Carbido Cluster Ru 6C(CO)17 
An excess of dppc was dissolved in THF and 200 mg (0.1827 mmol) Ru 6C(CO) 17 20 
was added using a counter stream of nitrogen at 0 °C. A reaction took place, indicated 
by a small amount of effervescence. After 30 minutes at room temperature, an IR 
spectrum was recorded, showing a shifted CO-stretch belonging to the reduced cluster 
Ru6C(C0)1612 . 0.100 g (0.3654 mmol) ferrocenium tetrafluoroborate in 5 ml THF, 
twice the stoichiometric amount of cluster, was added with a syringe. A slight colour 
change to reddish occurred overnight. The mixture was then column chromatographed 
on silica gel initially using dichioromethane/hexane (50:50 vlv) then acetone/hexane 
(50:50 vlv), yielding a yellowish dichioromethane-soluble fraction (A) and purple/pink 
acetone-soluble fraction (B). Both solutions were reduced in vacuo under a normal 
atmosphere. Fraction (A) contained a mixture of unreacted starting materials, ferrocene 
and dppf+ and was dicarded. 
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Fraction (B) was separated by TLC on silica gel using 50% hexane, 30% 
dichioromethane, 10% ethyl acetate, and 10% acetone as mobile phase. One major and 
two minor bands were detected. Three bands yielded: minor (B 1), purple/pink in 
CH202, JR recorded;. major (B2), purple in CH202, JR and 31 P-NMR at different 
temperatures recorded; minor (W), brown-purple, difficult to extract from Si0 2, but JR 
recorded. 
Reaction with Ru 5C(C0)15: Ru5C(C0)j3(o[G5H4P(C6H5)2]2J 27 
72 mg (0.0772 mmol) Ru5C(CO) 1 5 and 43 mg (equimolar) dppc were stirred in THF at 
room temperature. IRs were taken after 5 minutes, 2 hours and 48 hours. The colour 
changed from brown via a reddish purple to an intense, dark red. Crystallisation with 
THF/hexane layering yielded pure, but small crystals. Numerous attempts to grow 
bigger crystals using toluene/hexane layering, dichioromethane/hexane layering, 
CH202-toluene/hexane layering, slow evaporation of solvent using CH 202/toluene 1:1 
and 2:1, and vapour crystallisation of a solution in CH 202 in diethylether vapour 
failed. 
Reaction with Fe2(CO)9: cis-(dppc)Fe(CO)3 29 
100 mg (0.2749 mmol) Fe2(CO)9 and 153 mg (equimolar) dppc were stirred in toluene 
for 24 hours. The colour changed from orange to blood red. (The decomposition 
product due to oxidation is brown). Special care had to be taken because of the 
formation of volatile and very toxic iron pentacarbonyl in situ. The starting material was 
handled under the fume cupboard. 
Spectroscopic data for 21: JR (CH 202) V(CO)/CM-1:  2083m, 2056s, 2043sh, 
2030s, 1980m.br, 1830w.br; 1 H NMR (CDC1 3 , 223K): S 7.35 (br.m, 20H), 5 4.15 
(br.m, 8H) ppm; Elemental analysis for C51H28FeO16P2Ru6.CH2C12 gave C 36.79 
H1.68 (caic. C36.61 H1.77). 
Spectroscopic data for 22: JR (CH202) v(CO)/cm -1 : 2070s, 2034vs, 2024vs, 
2012s, 1994m, 1971w.br, 1961w.br, 1853w.br, 1816w.br; 31  NMR (CDC1 3 , 
298K): 5 43.78 (br.$) ppm; 1 H NIMR (CDC1 3, 298K): 5 7.58 (br.m, 20H), 5 4.12 
(br.m, 8H) ppm; Elemental analysis gave C 37.43 H1.9 (calc. C37.32 Hl.78). 
Spectroscopic data for 23: IR (CH202) v(CO)/cm: 2072s, 2055w, 2037s, 
2024vs, 2002s.br ; 31p  NMR (CD2C12, 218K): S 29.97 (s,1P), 26.59 (s,1P) ppm; 'H 
NMR (CDC13 , 223K): 5 7.79 (m,2H), 7.51 (m,20H), 7.19 (m,2H), 4.98 (br.s, 1H), 
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4.29 (br.s, 1H), 4.22 (br.s, 1H), 4.15 (br.s, 2H), 3.76 (br.s, 1H), 3.41 (br.s, 2H) 
ppm; Elemental analysis gave C 40.09 H2.0 (caic. C39.71 H1.94). 
Spectroscopic. data for 27: JR (CH202) v(CO)/cm': 207 im, 2056m, 2035s, 
2023vs, 1999m.br; Elemental analysis for C48H28C0O13P2Ru5 gave C 40.13, H1.90 
(caic. C40.06, H1.97). 
Spectroscopic data for 28: JR (CH202) v(CO)/cm': 2079m, 2060sh, 2046s, 
2033vs, 2007m.br, 2000m.br; 31p  NMR (CD2C1 2, 218K): 8 23.71 (s,1P), 29.20 
(s,1P) ppm; 1 H NMR (CDC13 , 298K): 8 7.5 (br.m, 20H), 8 5.63 (br.m, 8H) ppm; 
FAB+ m/z M+= 1437 amu. (caic. 1438.98). 
Spectroscopic data for 29: JR (CH2C12) V(CO)/CM-1:  2045s, 1998w, 1972m, 
1937vs, 1931w, 1885w; FAB+ mlz M+= 671 amu. (calc. 670). 
Crystal data for 22: C50H28FeO15P2Ru6.2CH2C12, M = 1643.94, 
monoclinic, space group P211n with a = 17.280(3), b = 18.488(4), c = 17.359(3) A, 
= 92.09(3)°, U = 5542(2) A3 , Dc = 2.101 g cm 3 , Z = 4, .t = 2.512mm 1,  T = 
150.0(2)K. Diffraction amplitudes were acquired using a St6e-Stadi4 four circle 
diffractometer, graphite -monochromated Mo-K a  Xradiation and an Oxford 
Cryosystems low-temperature device 1 . Of 8872 reflections collected to 2 0max=45° 
7213 were unique = 0.064). The structure was solved by automatic direct 
methods (Ru)3 and developed through iterative cycles of least squares refinement and 
difference Fourier synthesis. 4 Dichioromethane solvate molecules occupy channels 
between molecules of 22 and modelling of their substantial disorder was successful. 
Anisotropic refinement was allowed for Ru, Fe, P and and 0 atoms and non-solvent H 
atoms were included in fixed, calculated positions. 4 At final convergence with R [F 
>4a (F )] = 0.074, wR [F 2,  7161 data] = 0.1851, S = 1.055, for 465 refined 
parameters and the final AF synthesis showed no feature outside the range +1.44 to 
-1.02 eA 3 . 
Crystal data for 23: C48H28FeO13P2Ru5, M = 1435.84, orthorhombic, space 
group Pbca with a = 16.222(3), b = 2 1.072(4), c = 26.983(5) A, U = 9224(3) A3 , Dc 
= 2.068 g cm- 3 , Z = 8, 9 = 2.038mm -1,  T = 150.0(2)K. Diffraction amplitudes were 
acquired using a St6e-Stadi4 four circle diffractometer, graphite-monochromated MoL 
K a  X-radiation and an Oxford Cryosystems low-temperature device 1 . Of 6314 
reflections collected to 29max=500  6314 were unique. The structure was solved by 
automatic direct methods (Ru) 3 and developed through iterative cycles of least squares 
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refinement and difference Fourier synthesis. Anisotropic refinement was allowed all 
non-hydrogen atoms and H atoms were placed in fixed calculated positions. 4 At final 
convergence with R [F >4cy (F)] =0.059, wR2 [F 2, 6172 data] = 0.1712,  S = 1.152, 
for 624 refined parameters and the final AF synthesis showed no feature outside the 
range +0.84 to -1.01 eA 3 . 
Electrochemical experiments were carried out using a DSL 286-D PC with 
General Purpose Electochemical System (GPES) Version 3 software coupled to an 
Aütolab system containing a PSTAT 10 potentiostat. A conventional three electrode cell 
was employed with Pt counter and micro-working electrodes and Ag/AgCl reference 
electrode against which the FcIFc+  couple was measured at +0.55 V. Coulometric 
studies employed a three electrode H-type cell with Pt basket working electrode. All 
electrochemical experiments were performed under an atmosphere of nitrogen. 
Magnetic Susceptibility Measurements were performed on powder samples 
with a SQUID magnetometer (Quantum Design, model MPMS2) at temperatures 
between 1.8 and 310K in an applied magnetic field of 0.1 T. The data were corrected 
for the response of the sample holder and the diamagnetic contributions of all atoms. 7 
Electron Paramagnetic Resonance Spectroscopy 
EPR spectra were recorded on a Bruker Electron Spin Resonance ER 200 D - SRC 
spectrometer fitted with a microwave bridge ER 041 MR. Measurements were made in 
the X-band around 0.3 T and 9.35 GHz. The sample tube was made from quartz glass, 
it was inserted in a small glass dewar that placed the sample in the correct position in 
the probe. Cooling was achieved using liquid nitrogen or hexane/dry ice mixtures in the 
dewar. Powder EPR spectra were recorded of pure analyte, no dilution with 
diamagnetic substances was made. Mathias Nowotny and Douglas S. Shephard 
performed the measurements. 
Mass Spectrometry 
Positive Fast Atom Bombardment (+FAB) mass spectra were recorded on a Kratos MS 
50 TC by Alan Taylor using CsI as calibrant. Argon gas was accelerated with 7 kV for 
bombardment, and 3-NOBA was used as matrix compound and sometimes diluted with 
CH3CN. All spectra give the nominal mass. 
Elemental Analysis 
Elemental analyses were performed by Lorna Eades on a Perkin Elmer 2400 Elemental 
Analyser. The combustion tube temperature was 970 °C, the reduction tube temperature 
was 641 °C, and the extended combustion time was 20 seconds. 
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6.5.40 Experimental Section for Chapter 5. 
6.5.41 General 
All reactions were carried out with the exclusion of air using solvents distiled under an 
atmosphere of nitrogen. Subsequent work-up of products was achieved without 
precautions to exclude air. IR spectra were recorded on a Perkin-Elmer 1710 series 
FuR instrument in CH2C1 2 using NaCl cells (0.5 mm path length). Positive ion fast 
atom bombardment mass spectra were obtained using a Kratos MSSOTC spectrometer, 
using CsI as calibrant. 1 H NMR spectra were recorded in CDC1 3 using a Bruker 
AM400 instrument, referenced to internal TMS. Separation of products was 
accomplished by thin layer chromatography (TLC) using plates supplied by Merck, 
0.25mm layer of Kieselgel 60 F254. Ru3(CO) 1 2 was prepared by the literature 
procedure. Guaiazulene was purchased from Aldrich and used without further 
purification. 
6.5.42 Synthesis 
Preparation and Characterisation of R u3(CO) 7(1L3: r 5 ii3  i3 - C15H 18)  31 and 
Ru4(CO)9(p3: ?7173?l3-Ci5Hi8)  32. 
1.00g of 30 was placed in a 50m1 round bottom flask equipped with a magnetic 
follower. Guaiazulene (2m1) and octane (20m1) were added to the contents of the flask 
and the mixture was refluxed under I') for 4.5h. The flask was allowed to cool to 
ambient temperature, after which the solvent was removed in vacuo. Separation of the 
products was achieved by silica-column chromatography. 
Elution with hexane gave a dark-blue band of unreacted guaiazulene and some 
30. Further elution with 1:3 dichioromethane/hexane v/v gave two orange bands 31 
(190 mg) and 32 (270 mg). Elution with dichioromethane gave small amounts of a 
dark and as yet uncharacterised product. 31 and 32 were initially characterised on the 
basis of their infrared and positive ion fast atom bombardment spectra. Crystals of 31 
suitable for X-ray structural determination were grown by layering hexane on a 
concentrated solution in dichioromethane and allowing slow diffusion to occur at 
ambient conditions in the absence of light. While single crystals of 32 were nucleated 
from a solution of dichioromethane/toluene (1:1) v/v by slow diffusion of pentane onto 
the solution at 248K. 
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Spectroscopic data for 31 [Ru3(CO)7(3.i?7t73-C15H18)] and 32 
[R(CO)9(p3:77137-C15H18)]. 
Spectroscopic data for 31: JR (CH20 2): v(CO) 2078 (m), 2036 (s), 2001 (vs), 
1962(w), 1947(w) and 1766 (w, br), (KBr) v(CO) 2032(s), 2000(sh), 1985(vs), 
1948(vs), 1925(s), 1904(s), 1771(s) cm -1 ; 1 H NMR (CDC13, 298K): 8 5.73 (d, 1H, 
J=3 Hz), 5.35 (d, 1H, J=8 Hz), 4.79 ('s', 1H, 4.59 (d, 114, J=3 Hz), 2.34 (d of q, 
1H, J=7Hi), 2.20 ('d', 1H, J=7 Hz), 1.87 (s, 3H), 1.49 (s, 3H), 1.46 (d, 3H, J=7 
Hz), 1.21 (d, 3H, J=7 Hz) ppm; MS: M + = 699 (caic. = 698) a.m.u. Elemental 
analysis found: C, 38.0; H, 2.67. Calc. for C22H1807Ru3 31: C, 37.9; H, 2.61 %. 
Spectroscopic data for 32: JR (CH2C12):v (CO) 2054 (s), 1996 (vs), 1956 (w), 
1925(w), 1770 (w, br), (KBr)v(CO) 2051(s), 2038(s), 1989(vs), 1977(vs), 1952(s), 
1914(s) cm-1 ; 1H NMIR (CDC13, 298K): 8 5.94 (d, 1H, J=3 Hz), 5.07 (d, 1H, J=8 
Hz), 3.99 ('s', 1H), 4.19 (d, 1H, J=3 Hz), 2.48 (d of q, 1H, J=7Hz), 1.74 (s, 3H), 
1.67 (d, 1H, J=7 Hz), 1.51 (d, 3H, 1=7 Hz), 1.23 (d, 3H, J-7 Hz), 1.17 (s, 3H) 
ppm; MS: M + = 856 (calc. = 855) a.m.u. Elemental analysis found: C, 33.7; H, 
2.09. Calc. for C24H1809Ru4 32: C, 33.73; H, 2.12 %. 
Preparation and Characterisation of [Ru6C(CO)14(116-{p-C6H4(COOMe)2])] 33 and 
[Ru6C(CO)14( 1u3-i 2 :172 .i12-(p-C6H4(COOMe)))] 34. 
1.00g of 20 was placed in a dry 50m1 round bottom flask equipped with a magnetic 
follower. Dimethyl 1,3-cyclohexadiene-1,4-dicarboxylate (2g) and dibutylether (20m1) 
were added to the contents of the flask and the mixture was refluxed under N2 for 4h. 
The flask was allowed to cool to ambient temperature under N2, after which the solvent 
was removed in vacuo. Separation of the products was achieved by silica-column 
chromatography. 
Elution with hexane gave a white residue of unreacted dimethyl 1,3-
cyclohexadiene-1,4-dicarboxylate and some 20. Further elution with 1:3 
dichloromethane/hexane v/v gave a brown and a red band, as the only major products, 
33 (190 mg) and 34 (270 mg) respectively. Elution purely with dichioromethane gave 
small amounts of a dark and as yet uncharacterised product. 33 and 34 were initially 
characterised on the basis of their infrared and positive ion fast atom bombardment 
spectra. Crystals of 33 suitable for X-ray structural determination were grown by 
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layering hexane on a concentrated solution in dichioromethane and allowing slow 
diffusion to occur at ambient conditions in the absence of light. While single crystals of 
3 were grown from dichioromethane solution by slow diffusion of pentane at 248K. 
Spectroscopic data for 33 [Ru6C(CO)14(1 6-(p-C6H4(COOMe)2))]: JR (CH 2C12) 
v(CO)/cm': 2080th, 2068s, 2037sh, 2031vs, 1821w.br , 1736m; 'H NMR (CDC1 3) 
6.41 (s,4H), 3.88 (s,6H) ppm; FAB MS: m/z 1205 (1205, M). 
Spectroscopic data for 34 [Ru6C(C0)14(T 6-{p-CH4(C0OMe)2})]: JR (CH 2C12) 
v(C0)/cm -1 : 2084m, 2048vs, 2035vs, 1825w.br, 1718s; 'H NMR (CDC1 3 ): 8 4.81 
(s,4H), 3.95 (s,6H) ppm; FAB MS: mlz 1205 (1205, M). Found for C25Hl0018Ru6: 
24.93% C, 0.87% H, (calc. 24.92% C, 0.84% H). 
Preparation and Characterisation of[Ru6C(CO)14 ri 6-C6H4C1 8H 16051  37, 
[Ru6C(C0)14 16-C6H4C10H20O6] 39 and [Ru6C(C0)14 1 6-C6H4C8H1606C6H4] 40. 
The synthesis and work up of 37-40 was very similar to that decribed for 33 
and 34. However the reaction mixrure was passed through a short silica column eluted 
with dichioromethane/methanol as eluent (95:5 v/v) before TLC separation 
Spectroscopic data for 37 [Ru6C(C0)14 1 6-C6H4C18H16051: JR (CH 202) V(CO)/CM- 
: 2074m, 2030w.sh , 2022vs, 1979w.br , 1808w.br, v(COC)/cm': 1269s, 1257s, 'H 
NMR (CDC1 3): 5.66 (m,2H), 5.02 (m,2H), 3.5-4.2 (m.br,16H) ppm; FAB MS: m/z 
1280 (1279, M'). Found for Ru6C(C0)14C6H4C18H1605.CH2C12: 28.05% C, 1.66% 
H (calc. 28.04% C, 1.71% H). 
Spectroscopic data for 39 [Ru6C(C0)14 q 6-C1-14C1ØH2006]: JR (CH2C12) V(CO)/CM- 
: 2073m, 2045w.sh, 2031w.sh, 2022vs, 1982w.br, 1811w.br, v(COC)/crir 1 : 1272s, 
1258s; 'H NMR (CDC1 3): 8 5.65 (m,2H, 5.02 (m,2H), 3.5-4.2 (m.br,20H) ppm; 
FAB MS: m/z 1311 (1311, M). Found for Ru6C(C0)14C6H4C10H2006.CH2C12: 
27.3% C, 1.86% H (caic. 27.5% C, 1.87% H). 
220 
Chapter 6: Experimental 
Spectroscopic data for 40 [Ru6C(CO)14 T16-C6H4C8H1606C6H4]:  IR (CH202) 
v(CO)/cm- ': 2074m, 2022vs, 1979w.br, 1808w.br, v(COC)/cm 1 : 1274s, 1266s, 
1261s.sh , 1256s; FAB MS: mlz 1394 (1394, M•Na). Found for 
Ru6C(CO)14C6H4C8H1606C6H4.CH2C12: gave 29.3% C, 1.91% H (caic. 29.7% C, 
1.8% H). 
Crystallographic data for compounds 31-34 and 37. 
Crystal data for 31. C22H18O7Ru3  M=697.57, monoclinic, P21/n, a=10.808(2), 
b=14.488(3), c=14.326(3) A, 3=90.56(3) 0 , V=2243.1(8) A3 , Z=4, D=2.066Mg/m3 , 
X=0.71073 A, T=153(2)K, p=2.035 mm-1 . Data were collected on a Rigaku AFC7 
diffractometer using an RS 3000 coated rapidly cooled crystal4 of dimensions 0.21 x 
0.20 x 0.15mm, mounted directly from solution, by the 01o, method (30<20<500).  Of a 
total of 4169 reflections collected, 3948 were independent. The structure was solved by 
direct methods (SHELXTL PLUS) and refined by full matrix least squares analysis on 
F2 with R1=(F>4a(F)) and wR2(all data) to 0.0295 and 0.0921, respectively. 5 H 
atoms were placed in calculated positions and allowed to refine 'riding' on their C 
atoms. Largest peak and hole in final difference map 1.479 and -0.954 eA 3 . 
Crystal data for 32. C22H18O9Ru4  M=854.66, monoclinic, Cc, a=9.797(2), 
b=18.894(4), c=14.632(6) A, =104.79(2)°, V=2618.7(13) A 3 , Z=4, 
D=2.168Mg/m3, A=0.71073 A, T=293(2)K, p=2.315 MM-1 . Data were collected on a 
CAD 4 diffractometer using a crystal of dimensions 0.30 x 0.15 x 0.09mm, mounted 
directly from solution, by the 0i(o method (30<20<50°). Of a total of 3262 reflections 
collected, 3261 were independent. Data were corrected for absorption using Psi scans 
(Tm =0. 1 10,Tmjn 0.058). The structure was solved by direct methods (SHELXTL 
PLUS) and refined by full matrix least squares analysis on F2 with Ri=(F>4(F)} and 
wR2(all data) to 0.0252 and 0.0661, respectively. 5 H atoms were placed in calculated 
positions and allowed to refine 'riding' on their C atoms. Largest peak and hole in final 
difference map 0.581 and -1.335 eA 3 . 
Crystal data for 33. C25.50H11C11018Ru6  M=1247.21, triclinic, P-i, a=9.933(2), 
b=10.396(2), c=15.885(3), a=87.52(3)°, -89.50(3)0 , 'y=82.26(3)0 , V=1623.9(5) 
A3 , Z2, Dc 2.551 Mg/m3 ,?,--0.71073 A, T=150.0(2)K, .t=2.882 mm-1 . Data were 
collected on a Stöe-Sradi four-circle diffractometer equipped with an Oxford 
Cryosystems low-temperature device,' using a crystal of dimensions 0.13 x 0.19 x 
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0.08mm, mounted directly from solution, by the 0/0) method (3 0<<500) Of a total of 
5699 reflections collected, 5697 were independent (R 1 =0.010). Data were corrected 
for absorption using Psi scans [Tmax=0.548,Tmin=0.427]. 5  The structure was solved 
by direct methods (SHELXTL PLUS) and refined by full matrix least squares analysis 
on F2 with R1=(F>4(Y(F)} and wR2(all data) to 0.0376 and 0.0878, respectively. H 
atoms were placed in calculated positions and allowed to refine 'riding' on their C 
atoms. Largest peak and hole in final difference map +1.256 and -0.985 eA 3 . 
Crystal data for 34. C52H24C14O36Ru12  M=2579.34, monoclinic, P21/c, 
a=20.449(9), b=19.875(9), c=18.578(9), 0=115.09(3)°, V=6838(5) A3 , Z=4, 
D=2.503 Mg/M3, ?=0.71073 A, T=150.0(2)K, p.=2.818 mm -1 . Data were collected 
on a Stöe-Stadi four-circle diffractometer equipped with an Oxford Cryosystems low-
temperature device, 1 using a crystal of dimensions 0.20 x 0.15 x 0.50mm, mounted 
directly from solution, by the 0/0) method (3°<20<50°). Of a total of 9251 reflections 
collected, 8991 were independent (Rt=0.224). Data were corrected for absorption 
using Psi scans [Tmax 0.536,Tmin=0.139]. 5  The structure was solved by direct 
methods (SHELXTL PLUS)4 and refined by full matrix least squares analysis on F2 
with R1={F>4(Y(F)) and wR2(all data) to 0.0656 and 0.1497, respectively. H atoms 
were placed in fixed calculated positions. Largest peak and hole in final difference map 
+0.979 and -1.050 eA 3 . 
Crystal data for 37. C305H22C13019Ru6 M=1405.25, monoclinic, C2/c, 
a=32.620(7), b=8.926(2), c=28.149(6), 13=94.90(3)°, V=8167(3) A3 , Z=8, D=2.286 
Mg/m3, A.=0.71073 A, T=150(2)K, p.=2.435 mm -1 . Data were collected on aStöe-
Stadi four-circle diffractometer equipped with an Oxford Cryosystems low-temperature 
device, 1 using a crystal of dimensions 0.66 x 0.58 x 0.23mm, mounted directly from 
solution, by the 0/0) method (30<29tz500). Of a total of 8429 reflections collected, 7179 
were independent (R=0.0782). Data were corrected for absorption using Psi scans 
[Tmax 0.354,Tmjn 0.208].5 The structure was solved by direct methods (SHELXTL 
PLUS)4 and refined by full matrix least squares analysis on F2 with Ri=(F>4a(F)} 
and wR2(all data) to 0.0997 and 0.4276, respectively. H atoms were placed in fixed 
calculated positions. Largest peak and hole in final difference map +2.048 and -1.821 
eA 3 . 
222 
Chapter 6: Experimental 
6.0.10 	References 
1 	J.Cosier & A.M. Glazer, I. App!. Cryst, 1986, 19, 105. 
2 A. C. T. North, D. C. Philips and F. S. Matthews, Acta Crystallogr., Sect. A, 
1968, 24, 351. 
3 	SHELXS-86, G.M. Sheidrick, Acta Cryst. 1990, A46, 467. 
4 SHELXL-93, Gottingen Univeristy, 1993. 
5 	T.Kottke and D.Stalke J.Appl.Crystallogr., 1993,26, 615. 
6 N.Walker & D.Stuart, Acta Cryst., Sect.A, 1983,39,158. 
7 	KOnig, E. iriLandholt-Bôrnstein, New Ser., Group II Atomic and Molecular 	Physics, Vol 
2 ed. Heliwege, K.H. Springer, Berlin 1966. 
8 	B.F.GJohnson, R.DJohnson, J.Lewis & B.H.Robinson, J.Chem.Soc.(A), 	1968, 
2856. 
9 	J.N.Nichoils, M.D.Vargas, J.Hriijac, M.Saiior, Inorg.Synth.,1989, 28, 280. 
223 
